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PREFACE TO SECOND EDITION 


The production of improved varieties of crop plants is of outstanding 
importance in the development of a more efficient agriculture. A knowl¬ 
edge of laws of heredity, biometrical tools, field and laboratory technic, 
together with an understanding of the genetics of the particular crop 
which is being studied are an absolute necessity for the trained breeder. 
The present volume aims to furnish reliable information in these various 
lines. 

The new edition was necessary because of the rapid advancement 
in the field of pure and applied genetics which has materially modified 
methods of breeding certain categories of crop plants. The method of 
breeding cross-pollinated plants by means oi selection in self-iertilized 
lines has been featured together with a discussion of the effects of self- 
fertilization in various cross-pollinated plants. The experiences of the 
writers, in cooperation with plant pathologists, in breeding disease-resist¬ 
ant varieties of plants have led to the inclusion of most of the important 
literature in this field. 

Knowledge of chromosome numbers and relationships has furnished a 
reliable means for the determination of taxonomic relationships of some 
crop plants and has given suggestive hints as to their origin, and also 
has furnished information regarding the practical possibilities of obtain¬ 
ing improvement through species crosses. The new edition summarizes 
the most recent advances in this field. A knowledge of the mode of 
inheritance of all characters of the various crops is desirable. Accordingly 
rather complete summaries of the mode of inheritance of characters are 
included primarily for reference. The extensive literature on maize 
genetics is of great importance to the student of pure genetics as well 
as to the breeder of crop plants. The present edition furnishes the 
most complete published summary of maize genetics now available. A 
new chapter on Biometrical Methods has been added and the entire 
book has been rewritten. 

Suggestions from teachers who have used the first edition were of 
material value and have been freely used. The method of presenta¬ 
tion is that which has been developed as a result of over ten years experi¬ 
ence in teaching genetics and plant breeding courses to undergraduate 
and graduate students in the universities of Minnesota and West Virginia. 

The writers wish to again express their appreciation to those who 
Ijave helpful advice and criticism and whose names were mentioned in 
the !Wefa<so of the first edition. Suggestions ot aid given at that time 
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PREFACE TO SECOND EDITION 


have been of value in the present edition. The writers wish to thank 
Dr. J. Arthur Harris for helpful suggestions in relation to the chapter 
on Biometry. Dr. F. J. Krantz has again made helpful suggestions in 
relation to the chapter on Potato Improvement. Professor John Parker, 
of the Kansas State Agricultural College, has kindly pointed out numer¬ 
ous small errors in the previous text and made available certain unpub¬ 
lished material regarding sorghum improvement which has been of 
considerable value. Dr. John H. Martin has likewise made helpful 
suggestions regarding sorghum. Dr. G. Nilsson-Leissner has aided in 
calling the attention of the writers to foreign literature and in abstracting 
certain papers. Particular thanks are due to several of our coworkers. 
Dr. H. E. Brewbaker, Prof. F. J. Stevenson and Dr. Forrest R. Immer of 
the University of Minnesota and Prof. M. M. Hoover of the University of 
West Virginia have read various chapters and aided in checking certain 
of the calculations. Dr. L. D. Arnett, Librarian, West Virginia Univer¬ 
sity, and Miss Hazel C. Lusebrink kindly helped check some of the 
literature citations. Miss. L. Mae Centerwall has aided in obtaining 
publications from other libraries and Miss Alma Schweppe has helped 
make up the index. Prof. F. J, Stevenson has carefully read the entire 
book and his suggestions have been especially helpful. 

Several illustrations have been supplied by investigators who have 
made intensive studies of particular crops; credit for these has been given 
in connection with the illustrations. Most of the other figures are 
from photographs by Mr. T. J. Horton, official photographer at Univer¬ 
sity Farm, St. Paul. Figures on flower structure are froni drawings 
made by Mr. G. D. George, illustrator. 

The papers of many investigators have been referred to in the text, 
as the advanced student will frequently desire to study the original 
publication. The possibilities of errors are very great in a text which 
reviews the studies of numerous investigators. The writers, therefore, 
earnestly invite the criticism of the readers. 

H. K. Hayes. 

University op Minnesota, 


West Virginia University, 
June, 1927. 


R. J. Garber. 



PREFACE TO FIRST EDITION 


Since the early development of agriculture by primitive peoples, 
selection of seed for planting has been an important feature of agricultural 
practice. While many of our better varieties or strains of crop plants 
have originated as chance seedlings or from selections made by men who 
lacked a knowledge of the laws of heredity, there has been a growing 
appreciation in recent years of the value of training students for the occu¬ 
pation of plant breeding. 

Studies in crop genetics carried on since 1900, as well as studies in 
field plot technic, have helped in a large measure to standardize methods 
of breeding. Information regarding the mode of inheritance of particu¬ 
lar characters as well as a better knowledge of the wild relatives of our 
crop plants is constantly being obtained. The purpose of this book is 
to present fundamental principles of crop breeding and to summarize 
known facts regarding the mode of inheritance of many of the important 
characters of crop plants. Much of the material here presented has been 
used in courses in crop breeding which have been given in recent years 
at the College of Agriculture, University of Minnesota. 

Suggestions from others in relation to methods of treatment of various 
subjects have been of material value. Particular mention should be 
made of the helpful advice of Dr. M. J. Dorsey regarding the chapters on 
“Plant Genetics” and “Fruit Breeding;” of F. A. Krantz regarding the 
chapter on “Potato Breeding,” and of John Bushnell and W. T. Tapley 
r^ardii^ the chapter on “Vegetable Breeding.” 

We are also indebted to Miss Alice McFeely, Bulletin Editor, for many 
suggestions regarding presentation and for assistance in proofreadii^; 
to Mr. A. N. Wilcox for assistance in proofreading; to Miss L. Mae 
Centerwall for help in obtaining a considerable number of publications 
from other libraries; and to Miss Alma Schweppe for checking the litera¬ 
ture citations. Previous summaries of certain phases of plant breeding 
methods were made available through the kindness of Professor Andrew 
Boss. The many helpful suggestions made by Dr. C. V. Piper, Consult¬ 
ing Editor of these publications have been of great value. 

Sevend illustrations have been supplied by investigators who have 
ma<fe intencdve studies of particular crops; credit for these has been 
given in connection with the illustrations. Most of the other figures are 
j&som {dmtographs by T. J. Horton, official photographer at University 
St. Eaul. Figures on flower structure are from drawings made 
% *Q» D. Qeoiie, illustrator. 
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The papers of many investigators have been referred to in the text, 
as the advanced student will frequently desire to study the original 
publication. The possibilities of errors are very great in a text which 
reviews the studies of numerous investigators. The writers, therefore, 
earnestly invite the criticism of the readers. 

The Authors. 

University op Minnesota, 

June , 1921. 
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BREEDINO CROP PLANTS 


CHAPTER I 
INTRODUCTION 

The origin and mode of development of nearly all of the principal 
cultivated crops is an obscure and much debated subject. This is partly 
due to the fact that many crops have been grown for hundreds of years 
and often the same forms are cultivated as were grown in early periods. 
It is very probable, for example, that the men of the old Stone Age, 
60,000 years ago, had some sort of art of agriculture (Dettweiler, 1914). 
These conclusions have been drawn from old engravings of this period 
which were made on cavern walls. Wheat and barley were certainly 
grown in early times. A carving of the upper Paleolithic Age in the 
Pyrenees mountains shows winter barley such as is now cultivated in that 
locality. 

Dettweiler writes very interestingly of the agriculture of the Lake 
Dwellers who lived during the period from 4000 to 2000 B.C. He states 
that the Lake Dwellers of Switzerland cultivated the short-eared, six- 
rowed barley, Hordeum sanctum of the ancients; the dense-eared, six- 
rowed variety, H. hexastichon, L., variety densum; two-rowed barley, H. 
distichon; small lake-dwelling wheat, Triticum vulgare antiquorum; true 
club wheat, T, vulgare compactum; Egyptian or English wheat, T, turgi-- 
dum, L.; an awnless thick-eared emmer, T. dicoccum, Schrank; one- 
grained wheat, T, monococcum^ L.; meadow (common) miUet, Pamcum 
miliaceum, L.; club millet, P. italicum, L.; and a type of flax, Linum 
angustifolium, which still grows wild in Greece. An excavation was made 
in the village of Gleichberg, near Romhild, in 1906. On an old fireplace, 
with remains from the time of the oldest Bronze Age, were found the 
following seeds: einkom, spelt, club wheat, and small lake-dwelling wheat, 
small lake-dwelling barley, vetch, peas, poppy, and possibly apple seeds. 

It is not the purpose here to give the historical development of crops 
except in so far as to show that many were cultivated in very ancient 
times by primitive peoples by whom many varieties were developed. As 
amne of the varieties which were then grown are in existence today and 
are cultivated in some r^ions, an idea of earlier work is obtained. 

The work of the Indians with maize will be briefly considered now. 
Piper i^keaks of the plan by which seeds of different colors were planted 
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together in one hill with the thought that this method gave increased 
yields. It tended to keep the varieties in a heterozygous condition. 
For several years Squaw Flint from the Indian reservations in Minnesota 
has averaged as large a yield per acre at University Farm, St. Paul, as 
the more carefully selected varieties. 

These facts should help to give the student of plant breeding some 
idea of the great accomplishments in plant production in earlier times 
and to correct possible exaggeration of relative values of the results of 
recent work. Present-day breeding has achieved great results and will 
accomplish much more; the foundation, however, was laid many years ago. 


THE FOUNDERS OF THE ART OF PLANT BREEDING 

The relation between the science and the art of plant breeding is a 
very interesting subject. Through many years of trials, methods are 
improved; and a correct knowledge of the fundamentals of the science 
often does not widely modify the actual practice involved. As a rule. 



Fig 1.—The date palm among the Assyrians. 

*'Z)esign from the palace of Sargon at Khoreabad (eighth century B.CJ showing that the male and 
female flowers of the date palm were clearly distinguiened at that time. The worsh^r in the middle 
is carrying a sprig of male or staminate flowers while the one at the right bears female or pistillate 
blossoms. The orawings should be compared with the photographs of actual flowers. The winged 
deity at the left, who is usually identified as the Palm God, holds In his hand a cone wUeh is thought 
to typify the spathe of the male palm, and thus the principle of fertility in general.*' (A/tsr 
son, 1915.) 


scientific principles allow some short cuts in breeding methods and help 
to eliminate erroneous and useless practices. 

As wifi be constantly emphasized in this work, there is a dose relation 
between the mode of reproduction and the methr^s of breediog a {fiant. 
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A knowledge of sexuality was, therefore, almost a necessity before it was 
possible to develop the art of breeding. Sexual processes, while not 
thoroughly understood, were observed in animals three or four centuries 
B.C. by the Egyptians and Assyrians. Existence of fruit-bearing and 
sterile trees of the date palm was known to the people of Egypt and 
Mesopotamia in early times, and records of artificial pollination as early 
as 700 B.C. have been found (see Fig. 1). The Assyrians commonly 
referred to the date trees as male and female. The Greeks, however, to 
whom early scientific thought is attributed, failed to interpret this phe¬ 
nomenon. Theophrastus, for example, concludes that as other plants 
do not as a rule exhibit the same phenomenon, the date tree is not an 
example of real sexuality (Johnson, 1915). 

Little was actually known of plant sexual processes until comparatively 
recent times. The English physician, Grew (1676), further developed 
the suggestion of Sir Thomas Millington that the stamens served as the 
male organs, by a hypothesis regarding the process of fertilization. The 
only means of demonstrating this phenomenon was by the experimental 
method. 

The First Demonstration of Sex in Plants.—Camerarius first made 
the experimental test by using isolated female plants of the mulberry, by 
emasculating the castor bean and by removing the stigmas from Indian 
corn. The results of these experiments were reported in a letter to 
Professor Valentin, of Giessen, written in 1694. 

The following statement, made by Camerarius and found in Ostwald^s 
Klassiker (p. 25) has been frequently quoted (Johnson, 1915). 

In the vegetable kingdom there is accomplished no reproduction by seeds, that 
most perfect gift of nature, and the usual means of perpetuating the species, unless 
the previously appearing apices of the flower have already prepared the plant 
therefor. It appears reasonable to attribute to these anthers a nobler name and 
office of male sexual organs. 

Further Proof of Plant Sexuality.—The work of Camerarius was 
confirmed by several men. Thomas Fairchild, in 1719, produced a new 
variety of pinks by an artificial crossing of two varieties; and Bradley, 2 
years earlier, found emasculated tulips set no seed. Miller (1731) noted 
insects pollinating emasculated tulips after first visiting untreated 
tulip flowers. Governor Logan of Pennsylvania, in 1739, experimented 
with maize and observed that detasseled plants set no seed when isolated 
from untreated plants. He also removed the silks and found such treated 
plants were incapable of setting seed. Gleditsch (1750) had a pistillate 
palm in Berlin which was 80 years old and had set no seed. He obtained 
a quantity of pollen from trees in Leipsic (then 9 days' journey from Berlin) 
and after pollination seed was produced which germinated. 
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The Studies of Koelreuter.^ —While these investigators and others 
confirmed the work of Camerarius, little advance was made in the art 
of breeding until Koelreuter (1761-1766) made a careful study of arti¬ 
ficial crosses and gave the first extended account. In tobacco crosses, 
for example, he found that the first generation was of intermediate habit 
and, therefore, showed the effect of the male parent. His work on the 
vigor of first generation crosses is of much interest. He believed the 
'^oir^ of the pollen grain after mixing with the stigmatic fluid penetrated 
ttie ovule. The belief of a union of male and female substances was a 



Fig. 2,—Maid and female flowers of date palm about two times natural sise. {Pkotograph 
taken by Swingle in Sahara Desert, 1899.) 

st^ in the right direction. The value of insects as carriers of pollen 
was also demonstrated. 

Batfy Studies in the Cytology of Fnrtilization.—Pollen tubes were 
first observed in 1823 by Amid who followed them to the micropyie of 
the ovule in 1830. Schleiden shortly afterward made numerous studies 
of the pollen tube and apparently thought the embryo developed in the 
embryo sac from the end of the pollen tube. This matter was not thor* 
oughly cleared op until Stradourger (see Johnson, 1015) eondudod, in 
1884, that: 

> For these the papen of othiar wiiteai have bees ficedy used. Ihese by 
Jtosstm (1910) have been eepectiiklly 
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1. The fertilization process depends upon the copulation with the egg nucleus 
of the male nucleus which is brought into the egg. 2. The cytoplasm is not con^ 
cerned in the process. 3. The sperm nucleus, like the egg nucleus, is a true cell 
nucleus. 

An Answer to the Question of Hybrid Fertilization.^—Although 
Koelreuter proved the fact of sexuality in plants, it was not generally 
accepted, and early in the nineteenth century the Physical Section of 
the Royal Prussian Academy offered a prize for an answer to the question, 
'^Does hybrid fertilization occur in the plant kingdom?'' Among other 
results presented by Weigmann in answer to this question occurs the 
statement of the immediate effect of pollen in legumes. Weigmann made 
a study of 36 crosses using the following plants: onion, cabbage, pea, 
bean, lentil, pink, and tobacco. He observed the fact of variability due 
to crossing and thought gardeners should pay more attention to the 
planting of their crops so that those of like kind did not grow so near 
each other that crossing through the aid of insects would take place. 
Sprengel, in a book published in 1793, showed the important r61e played 
by insects in pollination and studied the adaptations for crossing found in 
many flowers. He concluded that nature intended that flowers should 
not be pollinated by their own pollen. 

The Great Hybridist Gartner.—In extent and number of his experi¬ 
ments Gartner^s work is very great. In 1835 he heard of the offer of a 
prize made by the Dutch Academy of Sciences at Haarlem regarding the 
place of hybridization in producing new varieties of economic and orna¬ 
mental plants. 

Gartner^s paper on this question, which received the prize, was 
published in extended form in 1849. He made thousands of crosses, 
involving nearly 700 species, and obtained about 250 hybrids. The work 
was so carefully controlled and checked that the fact of sex in plants was 
thoroughly proved. He made a classification of hybrids according to 
whether they resembled one or the other parent in all respects, whether 
they resembled one parent in one part of the plant and the other parent 
in other characteristics, or whether there was an almost equal balance. 
In the last case in later generations, the inclination toward the one or the 
other parent was supposed to be due to a slight overbalance of one or the 
other of the fertilizing materials. Gartner explains the appearance of 
the first hybrid generation as due to an inner force operating according to 
law. He, like Koelreuter and Weigmann, observed increased vigor in 
hybrids. 

He made experiments to determine the immediate effect of pollen 
with crosses between colorless and colored pericarp varieties of maize and 
in crosses between a brown-seeded Lychnis and one with a gray seed. 
As ho change occurred; a law was developed to the effect that pollen does 
not immedialdy affect forms and external characters of seeds but infiu- 
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ences the development of the resultant plant. He observed an immediate 
effect in some pea crosses and learned that the yellow cotyledon color 
dominated the green in the hybrid seeds. 

Early English Plant Breeders. —Knight, Goss, and Herbert, three 
English workers, did much to develop the art of breeding. Knight, who 
was a practical horticulturist, recognized the aid of artificial cross¬ 
pollination in producing new kinds. He studied the question of the 
immediate effect of pollen. A variety of pea with a white seed coat was 
fertilized with pollen of a gray-seeded variety. No immediate influence 
of pollen was obtained. When the resultant plant was pollinated by a 
white variety, however, both gray- and white-seeded sorts were obtained 
in the next generation. William Herbert was a contemporary of Knight 
who learned of the work of Koelreuter some time after he had started his 
experiments. He opposed the idea that species crosses were necessarily 
sterile. 

Studies made by John Goss are considered of much interest as they 
showed results similar to those obtained later by Mendel. In 1820 
flowers of the Blue Prussian pea,‘which has bluish seeds, were pollinated 
with pollen of the Dwarf Spanish. Three seeds were obtained which 
were yellowish-white like the male parent. Plants grown from the seeds 
produced some pods with all blue, some with all white, and some with 
both blue and white seeds in the same pods. When planted, the blue 
seeds bred true while the white seeds gave some segretates. No law, 
however, was developed. 

Other Workers of This Period. —At about this same period Sargeret, 
in France, was making studies with Cucurbitacece crosses. He observed 
the fact of dominance as the following crosses show: 


Muskmelon (Female) 

1. Flesh, white 

2. Seeds, white 

3. Skin, shiooth 

4. Ribs, slightly evident 

5. Flavor, sugary and very 

acid at same time 


Cantalovpb (Male) 
Flesh, yellow 
Seeds, yellow 
Skin, netted 

Ribs, strongly pronounced 
Flavor, sweet 


Fihbt Genebatxon 
Flesh,^ yellow 
Seeds, white 
Skin, netted 

Ribs, rather pronounced 
Flavor, acid 


He notes (Roberts, 1919) that: 

The characters were not blended or intermediate at all, but were clearly and 
distinctly those of the one or the other parent. 


Naudin made quite careful studies and attempted to summarize his 
results. He so nearly approached the law later laid down by Mendel 
that some workers have spoken of it as the Naudin-Mendel law. He 
thought that if hybrids were self-fertilized they would return more or 
less rapidly to the parental types. Similar results were obtained if the 
hybrid was pollinated by one of its parents. He noted the uniformity of 
the first generation and the production of many types in the second 
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generation some of which could not be told from the original parents. 
The results were explained by the segregation of specific substances in 
the pollen and ovaries of the hybrid (Naudin, 1866). 

Wichura (1865) found reciprocal crosses gave like results and, there¬ 
fore, concluded that the pollen and the egg have exactly the same share 
in the organism which results from fertilization. He studied species 
crosses in willows but did not deal with the individual characters of the 
species. 

Mendel’s work, published in 1866, is now well known to all students 
of genetics and plant breeding. With the great advances made since 
1900 rules can now be given which furnish a reliable guide for plant¬ 
breeding operations. To quote from Pearl: 

In the creation of new races by hybridization the plant breeder can and does 
take Mendelian principles as a direct and immediate guide. He has made 
Mendelism a working tool of his craft. 

THE RELATION OF CERTAIN BIOLOGIC PRINCIPLES TO PLANT BREEDING^ 

The art of plant breeding is closely related to those biologic principles 
which furnish the foundation for the science of breeding. For this 
reason there is a very close relation between the development of theories 
of evolution and scientific methods of breeding. 

The conception of evolution dates from the time of the Greek philoso¬ 
phers in the eighth century. This was the speculative period and evolu¬ 
tionary beliefs were not attained as a result of experimentation. Until 
the sciences of botany and zoology were built up, it was impossible to do 
more than outline theories which appealed to the judgment of the writer. 

The modern inductive period is of comparatively recent times. 
Erasmus Darwin developed a theory of evolution which he did not think 
entirely adequate. Lamarck gave us the first well-rounded theory of 
evolution. It was based on the inheritance of acquired characters. By 
continued use an organ was strengthened and developed. Likewise, 
without use it was weakened. The supposed inheritance of these 
acquired characters was the basis of the production of the numerous 
species. 

The term ''species” was first applied to animals and plants by John 
Ray (1628-1705) who used it to refer to a group of organisms with similar 
characteristics and which freely intercrossed. Many of the experiments 
of this period dealt with the question of species. 

The Doctrine of the Constancy of Species. —^Linnseus (1707-1778) 
adopted a more strict definition, although he was not always consistent 
in his use of the word. The doctrine adopted was that of the separate 
creation of fixed entities which were called species. Lamarck denied this 

^ A bnhetin by East (1907) and a book by Scott (1917) have helped materially 
and hnve been freely used. 
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theory and outlined his evolutionary hypothesis. Most naturalists of 
this period believed in the immutability of species. 

It is thought that the work of Lyell (1797-1876), an eminent geologist, 
had a marked effect on that of Charles Darwin, who was his intimate 
friend. Lyell insisted upon the continuity of the history of the earth 
and the uniformity of agencies which wrought such profound changes 
upon the earth. This theory was in opposition to that of Cuvier, who 
believed that the history of the earth was a series of times of destruction 
followed by periods of tranquillity (^^catastrophism^O- After each such 
destructive period it was believed that new creation took place. . 

Darwin’s Theory of Natural Selection.—The most influential worker 
in the history of development of the evolutionary conception was Charles 
Darwin. He and Alfred Russel Wallace independently developed a 
theory for the origin of species and united in presenting a preliminary 
paper in 1858. 

The publication of Darwin’s “Origin of Species,” in 1859, gradually 
brought about a belief in evolution. The work of Lyell had helped 
materially to develop a belief in the orderly progress of the world and 
assisted in preparing the way for the masterly presentation of Darwin. 
Darwin presented such a mass of evidence from widely different fields 
that the entire thinking world was compelled to accept evolution as a 
fact. The evidence was grouped under such headings as organic relation¬ 
ship, comparative anatomy, embryology, paleontology, and domestication. 

The fact of evolution is indisputable. The explanation of the methods 
of evolution is even yet not entirely satisfactory. Darwin’s theory is 
founded upon a series of f^jCts as follows: 

1. Variability .—It is a matter of common observation that no two 
individuals are exactly alike. If suflScient individuals are examined the 
range of variation is found to be very great. These variations are uni¬ 
versally present. 

2. A Struggle for Existence ,—If all the progeny of some of the lower 
forms grew to maturity and each in turn produced as many progeny, 
the world would soon be overrun with a single form. There is competi¬ 
tion also between different species and genera. 

3. Natural Selection .—The conclusion would certainly seem reasonable 
that those forms would survive which possessed characters better adapted 
to a given environment and, therefore, gave those particular forms 
advantage in the struggle for existence. 

4. Heredity .—Variation produces the material for natural selectimi to 
work upon and heredity tends to perpetuate the variations. 

The mechanism of transmission df characters, the physiological cause 
of variations, and the inheritance of different categories of variatipna 
were unanswered problem. Many criticisms wme made iff |>arwin’e 
work and many were considered hy Darwin hinia^^ ^ ^ 
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have a bearing upon plant breeding. In the improvement of erops, arti¬ 
ficial selection takes the place of natural selection. The breeder is con¬ 
stantly faced with the question of the perpetuation of a variation. He 
also faces the question of whether the useful variation will perpetuate 
itself in crosses or will be lost. 

Darwin recognized two sorts of variations. The fortuitous’’ or 
chance variations are everywhere present and cause every plant to be 
slightly different from other plants of the same species. These were 
considered to be of primary importance in evolution. While he recog¬ 
nized definite” or discontinuous variations, the so-called mutations, 
these were not considered of primary importance. 

The Stability of the Germ Plasm.—Weissmann’s theories are of much 
interest. He developed the idea of the continuity of the germ plasm 
and that external agencies could not modify inheritance without first 
affecting the germ cells. Plant breeders are not particularly interested 
in Weissmann’s ingenious theories which were outlined to show that the 
inheritance of acquired characters was an impossibility. Apparently, 
in order that a new character may be produced, there must be a modifica¬ 
tion of the germ plasm. The real question, then, is what causes germinal 
change? In considering this question we must keep in mind the possi¬ 
bility that agencies which are of little importance from the standpoint 
of the plant breeder may be of profound importance in evolution. 

DeVries’ Mutation Theory,—The more recent theory of evolution 
developed by DeVries attacks the question of the sort of variations 
which furnish the basis for evolution. DeVries gives only slight value 
to the small continuous variations and advances the hypothesis that 
large variations are of primary value. He believes in periods of mutation 
when from some unknown cause a species is producing many new forms, 
and other periods when stability of the sp)ecies is the rule. DeVries 
recognized three sorts of mutations: (1) progressive, when an entirely new 
character appears; (2) degressive, the appearance of a partially latent 
or hidden character; and (3) retrogressive, when an active character 
becomeslatent. The cause, or causes, of these sudden changes was not 
known. Mutations are frequently not large but small. All sudden 
heritable changes which cannot be explained by the laws of segregation 
and recombination are called mutations by present-day geneticists. 

The Pure-line Theory,—The studies of Johannsen are of particular 
value from the standpoint of the plant breeder. He worked with self- 
lertiliaed crops and found that while the progeny of a single self-fertilized 
plant varied quite widely, these variations were not inherited. From 
commercial varieties he found it possible to isolate numerous lines 
in their wmm differed slightly from each other and which bred true. 
Idteitsen considered a pnm line to be the progeny of one or more self- 
from a single homozygous ancesti^. Selection within sudh 
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a pure line was of no practical value. Numerous investigations with self* 
fertilized crops have been made and corroborate the results of Johannsen. 
Isolated cases of mutations in these pure lines have been reported, and 
while these are of much scientific interest they occur far too infrequently 
to be used as a basis for a system of breeding. 

Johannsen's pure-line theory has been extended to cover clonal or 
asexual propagation in both plants and animals. In the proper place 
evidence will be given to show that in heterozygous organisms which are 
asexually propagated there sometimes occur bud sports or somatic muta¬ 
tions each of which may form the basis for a new race. Such bud sports 
in some plants apparently occur frequently enough to be of economic 
importance. 

MendePs Law of Heredity.—MendePs experiments, published in 1866, 
remained unnoticed until the facts were rediscovered in 1900 by DeVries, 
by Correns, and by Tschermak. This law furnished the starting point 
from which the modern study of genetics has developed. Many students 
will have taken a course in genetics before studying plant breeding. For 
such students it is sufficient, here, briefly to review MendePs law in its 
application to crop improvement. 

At the time of MendePs studies the mechanism of Mendelian heredity 
was unknown. Mendel developed three general laws which were called 
(1) dominance, (2) unit characters, and (3) segregation. These have been 
studied intensively in recent years. Dominance is not a general result 
and frequently the first generation is intermediate in appearance. The 
unit-character viewpoint has been greatly modified and geneticists now 
use the term *^unit factor. The inheritance of a unit character, as 
referred to by Mendel, is depended upon a single-factor in modem 

genetic usage. A character frequently is the result of the interaction of 
many factors under the particular conditions of the environment. What 
is inherited is the manner of reaction rather than the specific character. 
Segregation appears to be a universal law although the large number 
of factors involved frequently makes the results very complex. 

Mendel worked with seven contrasted character pairs. Among them 
were yellow cotyledons as contrasted with green, and round seed as 
contrasted with wrinkled. When a plant with round, yellow cotyledons 
is crossed with one that has wrinkled, green cotyledons, the first genera¬ 
tion or Fi cotyledons are all round and yellow, since these are the dominant 
characters. If two of the Fi plants are crossed or an Fi plant is self- 
fertilized the next or F 2 generation will be made up of approximately 
three-fourths round and one-fourth wrinkled seed* This illustrates 
MendePs law of segregation of unit characters or, in modem genetic termi¬ 
nology, unit factors. The factor that differentiates round seed and the 
one that differentiates wrinkled seed are brought closdly toother in the Ft 
j^neration but aj^parently they do not l<m their identity because ol ikk 
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close association as is shown by the fact that they may separate and in 
the Fi generation become reunited in the several combinations possible, 
f.e., round with round, round with wrinkled, and wrinkled with wrinkled. 
If there are approximately equal numbers of round and wrinkled factors, 
and if the combinations of these as expressed in the F 2 generation are 
purely at random, the ratio of one-fourth round with round; one-half 
round with wrinkled; one-fourth wrinkled with wrinkled would be 
expected. But since round is dominant to wrinkled, it is not possible to 
distinguish the round-with-round from the round-with-wrinkled combina¬ 
tion and, therefore, approximately three-fourths of the F 2 seeds would 
appear round and one-fourth of the seeds wrinkled. This combination, 
as a matter of fact, is actually obtained in such a cross. 

It is of interest to consider the yellow-green character pair in connec¬ 
tion with the round-wrinkled pair. Mendel found that approximately 
three-fourths of the F 2 round seeds were yellow and one-fourth green and 
that three-fourths of the F 2 wrinkled seeds were yellow and one-fourth 
green. It was pointed out that such a result could not be obtained unless 
the round-wrinkled character pair segregated independently of the yellow- 
green pair. Considering both character pairs at once, the F 2 cotyledons 
consisted of nine-sixteenths like the dominant parent (round, yellow), 
one-sixteenth like the recessive parent (wrinkled, green), and three- 
sixteenths of each of two new combinations (round, green; wrinkled, 
yellow). This illustrates the principle of independent assortment 
between different character pairs. 

MendePs law can best be understood in relation to cytology. It is 
well known that the chromosomes are the bearers of heritable factors. 
The number of chromosomes for each species is constant and the form 
and individuality is characteristic. According to Morgan^s hypothesis, 
the factors are located in particular regions or loci of the chromosome. 
The chromosomes are considered to be in pairs and the two parts of each pair 
are in such a relation to each other that at reduction division, i.e., at the 
formation of gametes, the members of each pair separate and the gamete 
contains only half as much chromatin as the somatic cell. The gamete 
then contains one member of each chromosome pair. Exceptions to the 
above rule sometimes occur when unusual cytologic divisions take place. 

If there are large numbers of factors and relatively few chromosomes, 
each chromosome must contain from several to many factors. If each 
chromosome retained its individuality, the only sort of recombination of 
factors possible would be those located in different chromosome pairs. 
As a result of the classical studies of Morgan and his coworkers with 
Drosophila, which have been corroborated by many other geneticists with 
different organisms, modern theories of linkage and crossing over have 
been developed. While the mechanism of crossing over is not well 
understood and there is some dispute over the stage in which crossing 
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over occurs, the proof of crossing over and recombination of factors 
between members of the same chromosome pair appears absolute. Fac¬ 
tors in the same chromosome show linkage in inheritance, and the close¬ 
ness of linkage is, in general, correlated with the distance apart of the 
factors in the chromosome, according to the theory of the linear arrange¬ 
ment of factors. 

The present viewpoint is that, at some time in preparation for reduc¬ 
tion division, there is a doubling of the spireme and that at this time 
the members of the same chromosome pair lie next to each other and wind 
about each other. Cytological proof of such an arrangement is available 
for some organisms but such an arrangement has not been observed in 
studies of reduction division with certain other organisms. It is further 
supposed that at this stage breaks may occur in the chromosomes and 
that the pieces may reunite in such a manner that a new chromosome is 
formed which contains parts of each of the homologous chromosomes 
that make up a pair. This change of location of a factor by which it 
becomes a part of the other member of the homologous pair of chromo¬ 
somes is called crossing over. 

The importance of crossing over is very great in practical breeding. 
It allows for a recombination of all factors which are in different loci and 
are not completely linked although, in order to obtain recombination of 
closely linked factors, large numbers of individuals must be grown. 

Most of the previous investigations show that many factors are 
inherited independently. This allows for numerous combinations 
when crosses are made. If there is a break, t.e., a cross-over or some 
other means by which factors which are partially linked may be recom¬ 
bined, a greater degree of segregation is possible than when factor correla¬ 
tion is absolute. 

In general, it may be said that the number of groups of correlated or 
partially linked factors is not greater than the number of chromosome 
pairs. Whether or not the above explanation is correct, partly so, or 
entirely wrong, it is a convenient theory with which to account for a 
large body of facts. It allows for classification of facts in such a way that 
correct breeding methods may be used. 

MendePs law may then be summarized from the standpoint of the 
plant breeder as follows; 

1. Plants breed true for certain characters when all factors necessary 
for the development of the character are in a homozygous conditiim. 
There is a relative stability of factois. Changes in factors, or **muta¬ 
tions,are far too infrequent in most higher plants to furnish a basis for 
a system of breeding. 

2. There is independent segregation of certain factors. 

3. Partial coupling certain d^rtniners k Imind. Tim 

degree of linkage in traniunimon k quite constant. Oiomiig mm m 
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recombination of factors within the members of a homologous chromosome 
pair occurs if the factors are not in similar loci, i.e., absolutely linked. 

4. Perfect coupling of certain factors, i.c., constant association of 
characters in inheritance, occurs. If two characters are absolutely 
linked, it may be supposed that they are a result of the same factor or 
factors since it is now realized that a factor frequently modifies the 
expression of several characters. 

As a possible exception to the usual behavior, apparent segregation 
in the somatic cells of some hybrids may be mentioned. In some forms 
these changes apparently occur frequently enough to be of practical 
selective value. 

Menders law may be summarized in another way by saying that the 
first generation cross between stable forms may resemble one parent in 
one character, the other parent in another character; may be interme¬ 
diate in the character in question; or may exceed one or the other parent. 
All members^ of Fi are of uniform habit. Segregation occurs in and 
“segregation of potential characters in the germ cells of hybrids and 
their chance recombination’^ (East and Hayes, 1911) may be considered 
as a general law. In Fz and later generations, some forms breed true, 
others segregate. 

Homozygous forms may be obtained which contain the desirable 
characters of both parents. Such forms are as stable as races which 
have been bred by straight selection. 

Hybridization as a Means of Producing Variations.—A quite recent 
explanation of the cause of germinal variation and, therefore, the main 
cause of evolution is that of Lotsy (1916), who gives to hybridization the 
major r61e in the production of variations. Some serious criticisms have 
been made of this hypothesis as an explanation of evolution. With the 
higher plants, however, natural crossing has doubtless played an impor¬ 
tant evolutionary r61e. For the plant breeder crossing is of much impor¬ 
tance and it is the only generally known means of producing variations of 
selection value that is available as a practical method. In cross-fertilized 
species crosses naturally occur followed by segregation, and recombina¬ 
tion follows. Selection isolates desirable genotypes. 

THE VALUE OF CROP IMPROVEMENT IN RELATION TO A MORE EFFI¬ 
CIENT AGRICULTURE 

Maximum yields of crops can be obtained only when all factors relat¬ 
ing to the various phases of crop production are favorable. The physical 
and chemical characteristics of the soil, correct time and rates of planting, 
and crop rotation must be considered. Recent studies have shown that 
there are marked differences in the effect of different crops upon those 

^ tbs mcanina of Fi, Fi, etc., and other genetic tmns not explained in the text 
Ilf ven la the glossaiy. 
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that follow them in the rotation. Of utmost importance is the necessity 
that the crop be adapted to the soil and climatic conditions in which it is 
to be grown and that profitable returns be obtained on the basis of the 
cost of production. 

After careful consideration of those factors which go to make up the 
home of the plant, attention may be given to the seed. The fact that 
there are remarkable differences in final yields from different varieties of 
the same crop is commonly known. As yet the possibilities of crop 
improvement have scarcely been realized. Careful methods of seed 
inspection, registration, and treatment to control diseases are necessary 
to the greatest return from crop breeding. Education of the farmer will 
do much to overcome the evils of exploitation by the unscrupulous seed 
dealer or promoter who is anxious only to sell and make a profit on his seed." 

The business of growing carefully bred seeds is one that needs an 
appreciation of these and other factors in seed production. No great 
amount of special training is needed to carry on this work. To the 
careful worker who is willing to build up a reputation by actual merit of 
his seeds, the business of seed production will prove a lucrative one. 

The production of improved forms by breeding is a line of work which 
demands special training. This can be obtained only from a study of 
the underlying principles of genetics. Nearly all of the land-grant col¬ 
leges and experiment stations, as well as some private seed firms, are 
carrying on studies in plant breeding. Although these studies are yet in 
their infancy, results of much value are being obtained. By means of 
accurate field experiments carried on at research stations and with 
farmer cooperators, the experiment stations and the federal Department 
of Agriculture are enabled to give accurate information regarding the 
better varieties to grow. In the past these studies have not always 
been made with a correct appreciation of the necessary technic. 

It is the purpose of this book to outline methods of breeding in relation 
to the underlying principles involved, and to present what are coming to 
be recognized as proper field methods of carrying on these studies. 
Because the subject is a comparatively recent one, new methods of 
work are constantly being found. It is therefore necessary to present 
different viewpoints in order that the prospective breeder may learn why 
certain practices are giving the better results. 
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PLANT GENETICS' 

Since the rediscovery of MendePs law in 1900, there has been an 
intensive study of the laws of inheritance through experimental breeding 
and other means. This has resulted in the development of a new biologi¬ 
cal science which is called “genetics.'' A knowledge of the principles of 
this science is a necessity if the student of crop breeding is to pursue his 
work in the most logical manner. The writers, therefore, believe that a 
study of genetics should precede plant breeding. There are, however, 
many people interested in crop improvement who have not had an oppor¬ 
tunity to pursue an intensive study of genetics. For this reason, it 
seems advisable to present genetic principles in some detail. 

Methods of Studying Inheritance of Characters.—The characters of 
a plant are those qualities which serve to identify it. They are the 
means whereby one variety is differentiated from another. The produc¬ 
tion of a variety with only desirable characters is the main aim of the 
breeder. It is a commonly accepted fact among geneticists that 
Mendel's law may be used to explain the inheritance of nearly all plant 
and animal characters. The character is considered to be the end 
result of the interaction of certain inherited factors which are located 
in the germ cells; these factors under favorable environmental conditions 
cause the production of the character. Thus environment and heredity 
both play important r61es in character development. The laws of inherit¬ 
ance have been developed mainly by controlled crosses between parents 
of known inheritance. By correlating the facts of character transmission 
from parent to offspring with known facts of cjrtology, an idea of the 
mechanism of heredity has been obtained. Before presenting a descrip¬ 
tion of the factorial scheme which has been developed to explain Mendelian 
heredity, it will be necessary to give some of the main facts of reproduc¬ 
tion in plants. 

The Mode of Sexual Reproduction in Flowering Plants.—Nearly all 
higher plants produce seeds as the result of the union of sexual cells or 
gametes. Each body cell which is capable of further division contains a 
nucleus in which the chromatin is located. This chromatin, which is 
composed of a definite number of parts or chromosomes, gains its name 
from the fact that it takes a dark stain with certain reagents when other 

^ In preparing this chapter other works on genetics have been freely used. Bab- 
coca and Clausbh (lOlg) and East and Jonbs (1919) have been particularly helpful. 

15 
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parts of the cell are unstained. In the soma or body of the plant the 
nucleus of each cell contains a definite number of chromosomes, half of 
which were obtained from the male sexual cell and half from the egg cell. 
Each new body cell results from the longitudinal division of the chromo¬ 
somes of a preceding body cell. Thus ail of the somatic cells of a plant 
contain the same number* of chromosomes. 

Preparatory to the formation of the germ cells or gametes, the chro¬ 
mosomes assume a paired condition, one member of each pair being 
obtained from the male parent and the other from the female parent. 
At the formation of the sexual cells, or at reduction division, one member 

Femtift Male 



Fio. 3.—Diagram to illustrate production of male and female gametes. A, in some 
forms as Lilium this megaspore mother cell functions directly as the embryo sac. Reduc¬ 
tion division in Lilium occurs at the first nuclear division within the embryo sac. 

of each pair of chromosomes passes to each daughter cell thus reducing 
the chromosome number to half that in the body cells. Following this 
reduction division, there is an equating division whereby each chromo¬ 
some is divided into two qualitatively equal parts. This results in the 
formation of the male or female sexual cells, or gametes, as they are 
called (see Fig. 3). 

male sexual cells are produced in the anthers and are carried 
in the pollen grains. A mature pollen gram contains two nuclei, a tube 
nucleus and a generative nucleus (see Fig. 4). 

Alter the pollen grain falls on the {^til, the tube cdOi elmigates, form¬ 
ing a pollen tube which passes down the style. This tube grows through 
tbe tissue of the pistil and reaches the embryo mu:, llie geoeratiTe 
nudeuB pa8»» into the pollen tube and divides, formiim two nii^ whidii 
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are the male gametes. The pollen tube grows through the tissues of the 
pistil until it reaches the embryo sac, and the tip of the tube breaks after 
it penetrates the wall of the embryo sac. In fertilization one of these 
gametes of the pollen tube unites with the egg cell to form the embryo 
of the seed and the other unites with two polar nuclei to form the endo¬ 
sperm (see Fig. 5). 




At mature anther, showing the four locules, or ehambers, containing pollen grams; the anther 
opens lengthwise on both sides along the lines of cells shown at x, B, stages m the formation of pollen 
nains in a group of four (tetrad) within the pollen mother cell, C, mature pollen gram with early stages 
fn the devdopment of the male gametophyte, i, tube nucleus, g, generative nucleus {After Bergen 
on<2 Davts.) 


If the chromosome number of each body cell is represented by 2x, 
each gamete would be represented by x, the embryo formed by the union 
of the generative cell with the egg cell would be 2x and the endosperm 
tissue 3x. 

The Inheritance Factors.—Inheritance factors are located in the 
chromosomes in a linear manner. Each factor, moreover, is considered 
to be located at a certain definite place or locus of a particular chromo- 
liiOine. The inherited character is the end result of the interaction of 
{|}edfic genetic factors under the conditions of the environment. 

In Ment^’s original experiments, and in many of the studies con- 
4tn;tied in the early years after the rediscovery of Mmdel’B law in 1900, 
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the character by which the parents of crosses differed appeared to be 
dependent upon a single factor pair. In one parent the factors were in a 
dominant condition and in the other recessive. The Fi was heterozygous 
but resembled the dominant parent; in Ft a simple segregation occurred. 
This led to the conclusion that many characters were inherited as units. 
While certain character differences are dependent on a single factor pair, 
each character is a part of the physiologic complex which goes to make up 
the organism. Probably, as many recent experiments have proved. 



Fig. 6.—^Longitudinal section of the lower portion of the embryo sac of maise at the 
time of fertilisation; pn, polar nuclei fusing; sn\ sperm nucleus fusing with a polar nucleus, 
pn; e, egg; an, sperm nucleus in the egg; pollen tube; syn, synergid; v, vacuole. {After 
MiUer.) 

most, if not all, normal characters are the result of the interaction of 
many genetic factors. When a cross shows that two parents differ by 
only a single factor, this does not mean that only one genetic factor is 
necessary for the development of the character. It does mean, however, 
that a single factor of inheritance may cause a profound change in the 
expression of the character of an organism. When a plant breeds true for 
a particular character, each gamete produced contains aff f^wtors neoee^ 
aary for the development of the character. These and other facts 
genetice aie best understood by (xmradering tbe results nf oei^Q crctss^ 
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Before discussing such results it will be desirable to review briefly the 
subject of variation. 

Variability of Characters.—It is commonly recognized that no two 
plants or animals are exactly alike. These differences are called varia¬ 
tions. Several means of classifying variations have been used. For the 
plant breeder a classification based on inheritance appears of most value. 
On this basis variations are of two kinds: non-heritable and heritable. 

Non-heritable variations, frequently called fluctuations, are due solely 
to some difference or differences in the environmental conditions under 
which the plants develop. Heritable variations, sometimes called modi¬ 
fications, are due to some difference or differences in the hereditary 
characters of the organisms. Either a progeny test, or a study of trans¬ 
mission of the character in suitable crosses, under similar conditions of 
environment, is the criterion of inheritance. 

Several illustrations may help to make clear what is meant by non- 
heritable variations. Baur (1914) cites races of Primula sinensis which 
under normal conditions breed constantly true for red and white flowers, 
respectively. If the red race is placed in partial shade in the greenhouse 
under temperatures of 30 to 35° C., only white flowers are produced. 
If those same plants are brought into another greenhouse with tempera¬ 
tures of 15 to 20° C., the flowers which then develop are the normal red 
color. It is pointed out that what this red primula inherits is not a red 
flower color but the ability to produce a certain flower color under cer¬ 
tain conditions of the environment. Non-inherited variations have no 
value as a means of producing new varieties or strains. Such variations 
are, however, of importance to the breeder. For example, a small 
shriveled seed of wheat has the same inherited characters as a large, 
plump seed of the same pure line. The seedling, nevertheless, produced 
by the shriveled seed, may get an unfavorable start. A familiar example 
of non-heritable variation is the difference in height of plants within a 
variety, which is dependent on differences in food supply, moisture, or 
sunlight. 

Inherited variations may be placed in two classes: (1) mutations, and 
(2) new combinations. 

Mutations are the results of sudden changes in the hereditary mecha¬ 
nism of the organism. They may be the result of a single-factor change, 
of a change in two or more factors, or of a chromosomal aberration. 
The causes of such changes are not known for the most part, although in 
recent years much has been learned regarding chromosomal aberrations. 
Much more must be learned regarding the nature of hereditary factors 
before the causes of factor mutations will be determined. Mutations are 
sometimes of much value to the breeder. Examples of mutations of 
economic importance will be found under a discussion of the breeding of 
various crops. When a desirable mutation occurs, it can be utilized as a 
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means of producing a new race. As there is no known means of artifi¬ 
cially inducing favorable inherited variations, the breeder cannot depend 
upon them as a method of producing improved varieties. 

New combinations result from crossing varieties which contain differ¬ 
ent hereditary factors. The first generation of a cross between homozy¬ 
gous parents which differ in a certain character as a rule will be uniform 
and may resemble one or the other parent, may be intermediate in habit 
or a new character expression may be obtained. Second-generation 
plants, however, will be of different kinds due to the segregation of hered- 
tiary factors and their chance recombination in the germ cells of the 
Fi plants. When more than a single-factor pair is concerned, new com- 



Fig 6 —Inheritance of starchy and sweet endosperm in maize. A, ear of sweet com 
with wrinkled seeds; C, ear of flint com with starchy seeds; B, immediate result of pollmat* 
Ing ear of starchy parent with pollen from sweet parent; I), produced by self-fertilizing an 
ear of an Pi plant of cross between sweet and starchy parent. Note the segregation into 
sweet and starchy seeds, E, an ear produced by planting wrinkled seeds of i>; F, H, ears 
produced by planting starchy seeds of D. Note that one out of every three ears is pure for 
the starchy character. {After Babcock and Clausen,) 

binations of factors may occur and individuals in Ft and later generations 
may be produced which have some of the characters of the one parent 
combined with some characters of the other. In some eases characters 
which are not present in either parent appear. These may result from 
the interaction of two or more factors all of which are necessary for the 
production of the character and part of which were contained in one parent 
and part in the other. When the factors concerned are located in sepa¬ 
rate chromocKHne pairs, their recombination is at random and the result is 
called independent Mendelian inheritance. When the factors are 
located in different loci of the same dxromcHome pair, linkage resnlta, 
althov^h reeombina^on of factors does occur in many cases, Ind^xmd* 
ent Mendelian inl^tanoe will be iUnstxated by nieaasof suMde onoaws 
and wb^theparontsd^erl^onetoseveialpairBic^liietOlB. 
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Monohybrid. —Sweet com, when mature, bears wrinkled seed, while 
flint com produces smooth seeds filled with starch grains. If sweet com 
is pollinated with pollen from a flint variety, the resultant seed is starchy. 
There is an immediate effect due to double fertilization in which the endo¬ 
sperm results from the union of the polar nuclei with one of the gametes 
of the pollen grain. If the crossed seeds are planted and the resultant 
plants self-fertilized, the ears produced will contain starchy and sweet 
seeds in a 3:1 ratio. The facts may be presented by the use of the factor 
hypothesis. One of the chromosome pairs contains the factors for either 
the starchy or the sweet condition. Let S represent the sweet factor, F 
the starchy factor. In the following diagram only one of the chromosome 
pairs, which contains the starchy and sweet factors, will be shown. 
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Dihybrid. —Crosses between varieties which differ in two independ¬ 
ently inherited characters may next be illustrated. The parental 
forms in the case of each differential character will be considered to differ 
in only a single inherited factor. 

Parents Characters Gametes 

White Fife wheat Awnless spike, white seed AW 

Preston Bearded spike, red seed BR 

There is a dominance in Fi of the red-seed color (brownish-red pigment 
in one of the bran layers) over the white and a partial dominance of the 
awnless over the bearded condition. The Fi plants will, therefore, have 
red seeds and a slight extension of the awns near the top of the spike. 

The inherited factors may be considered to be R for red seed, W for 
white seed, B for bearded, and A for awnless. W and R are considered 
to be located in homologous loci of one pair of chromosomes and B and A 
in homologous loci of another pair of chromosomes. The Fi plants may 
then be considered sls ABWR, The gametes of these Fi plants may con¬ 
tain either A or 5 in combination with either W or R, The different 
combinations are supposed to occur in equal frequency. 

Wheat {Triticum vulgare) has 21 pairs of chromosomes. The factors 
for bearded or awnless spike and for color of seed are independently 
inherited. They may be considered, therefore, to be located in separate 
chromosome pairs. In the diagram only two chromosome pairs are 
shown. 


SomrtcCeu PAK£HTALOAnem Ff Zyqote FiOambte^ 









PLANT GENETICS 


23 


The Fi plants obtained by the self-fertilization of Fi crosses will then 
be the result of all possible combinations of the gametes. The combina¬ 
tion will be illustrated by the Punnet square. 

AR AW BR BW Male gametes 

AR 

Female 

AW 


BR 

gametes 

BW 


AR 

AW 

BR 

BW 

AR 

AR 

AR 

AR 

AR 

AW 

BR 

BW 

AW 

AW 

AW 

AW 

AR 

AW 

BR 

BW 

BR 

BR 

BR 

BR 

AR 

AW 

BR 

BW 

BW 

BW 

BW 

BW 


Collecting the various combinations: 


Fi Plants 


1 AARR 
2ABRR 

Awnless, red seed. 

Int. awns, red seed. 

2AARW 

Awnless, red seed. 

AABRW 

Int. awns, red seed. 

1 AAWW 

Awnless, white seed. 

2ABWW 

Int. awns, white seed. 

1 BBRR 
2ABRR 

Bearded, red seed. 

Int. awns, red seed. 

1 BBWW 

Bearded, white seed. 


Fs Breeding Habit 

Will breed true for awnless spike and red seed. 

Will segregate for spike character and breed 
true for red seed. 

Will breed true for awnless spike and segregate 
for seed color. 

Will segregate for both seed color and spike 
habit. 

Will breed true for awnless spike and white 
seed. 

Will segregate for spike habit and breed true for 
white seed. 

Will breed true for bearded spike and red seed 

Will segregate for spike habit and breed true for 
red seed. 

Will breed true for bearded spike and white 
seed. 


Several Factors Necessary for the Production of a Character.—In 

many cases several factors are involved in the production of a single char¬ 
acter. Thus the purple aleurone color found in Black Mexican sweet 
com is dependent on the interaction of the factors C, A, and Pr (see 
Chap. XV, Maise Inheritance). C and A are basic factors both of which 
must be present for the development of color. When C, and A are 
presmit, ^e color in the aleurone layer is red. Study a cross between 
Black Mexican which is homoaygous for puxple aleurone color and a 
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white sweet which is homozygous for factors R and A but which lacks 
the factors C and Pr, The recessive condition of the factor may be 
represented by a small letter. 


Parents Appearance Gametes Fi Cross 

Black Mexican . Purple color PrRAC PrprRRAACc 

White Sweet_ ... White color prRAc 


As the Fi seeds contain all factors necessary for the production of 
purple color in the aleurone layer, they will be purple. In later genera¬ 
tions the factors R and A may be considered to be present in each gamete, 
as both parents were homozygous for these characters. The gametes 
of the Fi plants will, therefore, be PtRAC, prRAC, PrRAc^ and prRAc, 
By the Punnet-square method, as illustrated in the previous topic, 
the student may determine the possible F^ combinations. These will 
be found to occur in the following proportions: 


Combinations 

1 PrPrRRAACC 

2 PrprRRAACc 
2 PrPrRRAACc 
4 PrprRRAACc 

1 prprRRAACC 

2 prprRRAACc > 

1 PrPrRRAAcc 

2 PrprRRAAcc 
1 prprRRAAcc 


Appearance 
9 Purple aleurone 

3 Red aleurone 

4 White aleurone 


Linkage of Characters in Inheritance.—The brilliant experiments of 
Morgan and his coworkers with Drosophila have led to the development 
of the present chromosome theory of heredity. Several himdred inher¬ 
ited factors have been studied and their location in the chromosomes 
determined by their linkage relations. There are four pairs of chromo¬ 
somes in the fruit fly and four groups of linked factors. A large number 
of characters are correlated or linked with sex since they are dependent 
upon factors carried in the X- or sex chromosomes. In normal individ¬ 
uals there are two X- or sex-chromosomes in the female Drosophila, 
and a single X- and a F-chromosome in the male. There are two other 
large groups and one very small group of linked factors in Drosophila. 
Correlated genetic and cytologic studies, where one of the small ohrmno- 
somes was missing, proved that the small group of factors were associated 
with the small pair of chromosomes. The two large groups of Unked 
factors must tlien belong to the two pairs ^ large chromosonma. These 
three pairs of chromosomes are called autosomes in dhtinction to the 
pair of sex chromosomes. Thus in Drosophila tibeie aie four pairs 
chromosames and four grraqsi dl linked factors (Moxgan, at 199%) 
(Seel%.7). 
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Many studies of linkage in other organisms have been made and 
similar principles observed as in Drosophila, although data with other 
organisms are as a rule not extensive enough to furnish complete corrob¬ 
oration of the mechanism worked out with Drosophila. 

At some stage prior to reduction division, members of a pair of homolo¬ 
gous chromosomes lie close together. Jannsen originally observed breaks 
in members of homologous chromosomes in the thick thread stage which 
occurred when they were twisted about each other and the mechanism 
of crossing over has therefore generally been diagrammed as occurring 
in this stage. Careful studies in Drosophila indicate, however, that 
crossing over in this organism occurs 

. at a stage at which each parental chromosome has become split into two 
daughter chromosomes, i,e., at the four strand or tetrad stage, and that crossing 
over involves two only of the four strands at any given point of crossing over. 

It is thought that the only stage at which this could occur regularly is 
between the last general division and the first maturation division 
(Morgan, et, aZ., 1925). 

Much remains to be learned regarding the mechanism involved but 
the known facts of crossing over can be appreciated best by reference to 
an illustration even though that illustration may not indicate correctly 
the actual period in which crossing over occurs. 



Fig. 8 . —Diagrammatic representation of crossing over and results. At the left, the 
two original chromosomes. In the middle, the twisted condition of the chromosomes in 
synapsis and their subsequent separation. At the right, the four types of chromosomes 
which result. {After Babcock and Clausen.) 

In the diagram C and W are located in the same chromosome of one 
parent and c and w in homologous loci of a similar chromosome of the 
other parent. If there were perfect linkage, the only gametes produced 
would be CW and cw. Owing to a cross-over, however, Cw and cW are 
also obtained although less frequently than the combinations CW and cw. 
The following outline expresses the result on a percentage basis; 

CW 38.7 per cent; c!W 88.7 per pent cW 11.3 per cent; Ctv 11.8 per cent 


n<m--er(»9S-over gnmetes 


oroseMwer gametes 
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Accepting the view that factors are located in particular places in the 
chromosome, the value of the cross-over hypothesis in explaining degrees 
of factor linkage becomes apparent. 

Factors located very close together in the chromosome are closely 
linked. If it were desired to recombine, in one individual, factors located 
in different members of a chromosome pair which were in near-by loci, 
it would be necessary to grow large numbers of individuals and the diffi¬ 
culty of obtaining the desired combination of factors would be very great. 
Crossing over, however, allows recombinations of factors which are 
located in the same chromosome pair. This is of great importance as, 
theoretically, any particular combination of factors can be obtained 
unless both factors are located in similar loci of homologous chromosomes 
of related races. 

Multiple Allelomorphs. —Certain character expressions are a result of 
factors located in similar loci of homologous chromosomes. There are, 
for example, a group of pericarp and cob colors in maize which are a 
result of multiple allelomorphs. These may be illustrated by citing 
several examples, although the list is really much greater than that given 
here (Anderson, 1924). The following homozygous types are known: 

Variety 1, red pericarp, red cob. 

Variety 2, red pericarp, white cob. 

Variety 3, white pericarp, red cob. 

Variety 4, white pericarp, white cob. 

If varieties 1 and 4 are crossed, the Fi resembles variety 1 and in F 2 
there are on the average three individuals like variety 1 to one of variety 
4. In a cross between 2 and 3, the Fi resembles variety 1 and in F 2 
the parents and Fi types are obtained in a ratio of one like either parent 
to two of the Fi type. In a cross of 1 and 2, the Fi type is like variety 1 
and a 3:1 ratio is obtained in F 2 . These results are best explained by a 
system of multiple allelomorphs, z.e., characters which are dependent 
upon factors located in similar loci of homologous chromosomes. All 
that can be obtained in F 2 from such crosses is in each case the parents 
and Fi type. It is theoretically impossible to differentiate multiple 
allelomorphs and complete linkage. Results similar to those given aliove 
could be obtained, if factors for pericarp and cob color were completely 
linked. 

Inheritance of Quantitative Characters. —Many of the important 
characters of economic plants are size or quantitative characters, such 
na height of plants, size of seed, or relative date of maturity. It was at 
first thought that these characters did not follow MendeUs law. The 
discovery that color characters were frequently due to the interaction of 
aeveral inherited factors led to the explanation of the inheritance of size 
cbi^racters by sunilar means. Numerous controlled crosses have been 
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studied. The general nature of the results in this field may be illustrated 
by a cross between barley varieties which differ in the average length of 
internodes of the rachis (see Table I). 

In this cross between Hanna and Zeocriton, lax and dense varieties, 
respectively, the F 2 ranged from above the modal class of Hanna to the 
modal class of Zeocriton even though only 141 individuals were studied. 
The calculated coefficient of variability for the F 2 was three or four times 
greater than for the parental varieties. Several small Fb families were 
grown from F 2 plants representing different densities. By examining the 
rable, it will be noted that some Fb lines bred comparatively true, the 
tanges for density being no greater than for the parental lines and the 



Fig. 9.—Average spikes of the Zeocriton (left), Hanna (right), and four homozygous 
lines. Mean densities are as follows: Zeocriton. 1.9 millimeters; Hanna X Zeocriton, 
448-1, 2.3 millimeters; 448-5, 2.9 millimeters; 448-11-3, 3.7 millimeters; 448-16, 4.3 
millimeters; Hanna, 4.6 millimeters. 

coefficients of variability also being low. Other F, lines were as variable 
as the Ft generation while still others were more variable than the parents 
but less variable than the Ft. 

Several F, lines, which appeared homozygous, were tested in F, and 
some of these on the basis of the more extensive test again, gave evidence 
of homozygosity. The general nature of the results is illustrated in 
Fig. 10. These results show that homozygous lines for density may be 
obtained in F, and F,, and that in this cross homozygous lines were 
obtained which approached the densities of the parents as well as homozy¬ 
gous lines with intermediate densities. The determination just how 
many factors were involved could not be nmde without a more extenffive 
test. The results can be expldned on a genetic basis by the hypothesis 
that Zeocriton contains three mdependmitiy i^erited factors for deanty 
and that Hanna lacks these factors. The added hypotbeids may be 
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made that each factor in a heterozygous condition gives half as great an 
effect as when homozygous. The factors may be considered to have a 
cumulative effect, two factors when present in a homozygous condition 
producing twice as great an effect as when a single factor is homozygous. 



DeiuUy ta MM 

Fig. 10.—Diagrams showing the densities of parental forms and of the Fs generation 
in a cross between the Zeocriton and Hanna barleys (upper), of four pure lines (middle), 
and of several heterozygous lines (lower). {After Hayes and Harlan, 1920.) 

Other factors of a smaller value are also doubtless present which modify 
the expression of the main density factors. East and Jones have sum¬ 
marized the results of such controlled crosses and they find a number of 
general conditions fulfilled. 

1. When pure or homozygous races are crossed, the Fi populations are similar 
to the parental races in uniformity. This conclusion devolves from observations 
that if any particular factors A A and aa are homozygous in the parental races, they 
can only form Aa individuals in the Fi generation. 

2. If the parental races are pure, F 2 populations are similar, no matter what Fi 
individuals produce them, since all variability in the Fi generation is the result 
of varying external conditions. 

3. The variability of the F 2 populations produced from such crosses should be 
much greater than that of the Fi populations, and if a sufficient number of indi¬ 
viduals are produced the grandparental types should be recovered. The fulfill¬ 
ment of this condition comes about from the general laws of segregation of factors 
in Fi and their recombination in Fj. 

4. In certain cases F 2 individuals should be produced showing a greater or a less 
extreme development of the character complex than either grandparent. This is 
merely the result of recombination of modifiers, as was explained above. 

5* Individuals of different types from the F 2 generation should produce popula¬ 
tions differing in type. The idea on which this statement is based is, of course, 
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that all F 2 individuals are not alike in their inherited constitution and therefore 
must breed differently. 

6. Individuals either of the same or of different types chosen from the F 2 
generation should give Fz populations differing in the amount of their variability. 
This conclusion depends on the fact that some individuals in the Fz generations 
will be heterozygous for many factors and some heterozygous for only a few 
factors. 

A hypothetical case may be given to show how the factor hypothesis 
may be used to explain the inheritance of quantitative characters. Given 
two barley varieties as follows: 

Variety 1, average length of internode of rachis 2.0 millimeters. 
Variety 2, average length of internode of rachis 3.6 millimeters. 

Suppose these varieties differ by two separately inherited factors, A and 
each when homozygous causing a lengthening of the internode by 
0.8 millimeters; when heterozygous by 0.4 milhmeters, 


Variety 1 aahb Gamete ah 
Variety 2 AABB Gamete AS. 


Fi Zygote AaBb 


Combinations in F 2 would occur as follows: 


Ft Plants Ft Bbeedino Nature 

1 AABB Would breed true for length of internode of 3.6 millimeters. 

2 AaBB Would segregate from 3.6 to 2.8 millimeters. 

2 AABb Would segregate from 3.6 to 2.8 millimeters. 

4 AaBb Would segregate as Fj. 

1 A Abb Would breed true for length of internode of 2.8 millimeters. 

2 Aabb Would segregate from 2.8 to 2.0 millimeters. 

1 oaBB Would breed true for length of internode of 2.8 millimeters. 

2 aaBb Would segregate from 2.8 to 2.0 millimeters. 

1 aabb Would breed true for length of internode of 2.0 millimeters. 


Probably few size characters are as simple in their inheritance as this 
illustration. The factor notation, however, assists in gaining a concep¬ 
tion of the mode of transmission of these size characters and there seems 
to be no good reason for believing that a different mechanism is involved 
from that involved in the inheritance of color characters. Environ¬ 
mental conditions probably play a larger r61e in the modification of the 
appearance of size characters than for color characters. 

The best proof that quantitative characters are inherited in the same 
general manner as qualitative characters has been obtained from linkage 
studies. In these studies size or quantitative characters were corre¬ 
lated with qualitative characters which are dependent upon factor pairs 
whose linkage relations are known. One such case for resistance to the 
spot-blotch disease in barley, caused by Helminthosporium saUvum^ has 
been rather extensively studied in Minnesota (Griffee, 1925). The parent 
varieties were as follows: 
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SVAKHALS 

White hull and pericarp 

Two-rowed 

Rough awn 

Resistant to spot blotch 


Lion 

Black hull and pericarp 

Six-rowed 

Smooth awn 

Susceptible to spot blotch. 


Each of the character pairs, white versus black, two-rowed versus six- 
rowed, and rough versus smooth awn, appear dependent upon a single- 
factor difference and independently inherited, that is, the factors for each 
of these three character differences are in different chromosome pairs. 
By considering each pair of characters separately, a definite correlation 
was found in Fz (each Fz plant was tested by growing and examining its 
Fz progeny) between each of these character pairs and resistance versus 
susceptibility. Thus more of the white plants than of the black were 
resistant, more six-rowed than two-rowed, and more rough-awned than 
smooth-awned. Resistance and susceptibility, however, were not 
dependent upon the same factors which conditioned the other characters, 
for it was possible to obtain a resistant, white-hulled, two-rowed, smooth- 
awned variety, and also resistant, black and resistant, six-rowed varieties. 
It seems fair to conclude that at least three pairs or groups of factors are 
involved in resistance or susceptibility to H. sativum and that these factors 
are located in the same chromosomes as the factors for color, row number, 
and smooth versus rough awns. 

Lethal Factors.—A lethal factor may not necessarily be any different 
in its inheritance from any other factor. Familiar examples for the plant 
breeder are chlorophyll-deficient, seedling lethals which cause the death 
of the seedling after the food supply of the seed is exhausted. Such 
undesirable factors frequently are observed in plant and animal material 
and may be thought of as deviations from the normal. By means of 
such lethals or semilethals which weaken the organism, some idea may 
be gained of the great complexity of many important normal characters 
from the inheritance standpoint. Thus deviations from the normal 
chlorophyll development have been observed in many-selfed lines of 
maize, and the location of some of the genetic factors involved have been 
determined. A large number of different chlorophyll variations have 
been studied which are dependent upon factors located at different 
places in the chromosomes. Other lethals and semilethals which cause 
deviations from the normal have been observed. Much of the work of 
the plant breeder, with some crops, is directed toward eliminating unde¬ 
sirable lethal or semilethal factors from the organism. The origin 
these factors is a matter of great interest. It appears, however, that 
even though they may recur occasionally, it is desirable to eliminate 
as many of them as possible. Some breeders have held that, since yidhls 
were not being rapidly increased by breeding, little cotdd be expected 
from this mode of attadc. With the increased complexity of modearn 
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methods of living, plant diseases and insect pests are rapidly increasing 
and new diseases are brought in from other regions. The geneticist 
can do much to aid in keeping our economic plants and animals in their 
present state of high productivity, as well as help in obtaining higher 
productivity through controlling the factors of inheritance. 

Mutations.—Mutations may be classified as (1) factor mutations 
and (2) chromosomal aberrations. The lethal factors discussed pre¬ 
viously are without doubt examples of changes from the normal dominant 
condition to the recessive state. 

The frequency and nature of factor mutations is a subject of much 
interest. That changes in factors do occur is rather generally recognized. 
Stadler (1926) has made a study of the frequency of factor changes for 
some normal endosperm characters of corn. The method used eliminates 
contamination as a source of error and permits the determination of the 
frequency of mutation in the female germ tract previous to megasporo- 
genesis. The following brief description was taken from Stadler; 

Suppose we wish to determine the rate of mutation in the gene C which in the 
presence of certain other dominant genes determines aleurone color. When C is 
dominant the aleurone is colored, when c is recessive it is colorless. Plants 
homozygous for the dominant C are pollinated by plants homozygous for the 
recessive. 

The heterozygous grains are colored but occasionally a colorless 
seed is obtained. By growing these colorless grains, Stadler determined 
that they were genetically colorless and not the result of a non-heritable 
variation. 

The plants produced by the colorless grains were backcrossed to the 
hymozygous recessive cc and as colorless seeds were obtained, it appears 
that the seed planted was homozygous for the recessive condition for the 
factor c. Other tests were conducted which made it seem fairly conclu¬ 
sive that the changes observed were gene mutations, although Stadler 
stated that ‘‘no method will distinguish between a gene mutation and 
the loss of a section of chromosome too short to reach the next known 
gene.'^ 

The following results were obtained: 6 mutations for c in 55,618 
chances, 2 mutations for sh in 93,106 trials, and no mutations for wx, 
pr, or 8U in approximately 12,000 grains each. Apparently, factor muta¬ 
tions are relatively infrequent in maize. The view of factor stability 
which seems most helpful for the plant breeder has been clearly stated by 
East and Jones (1919): 

For these and other reasons which might be given, could further space be 
devbted to the subject, we believe there should be no hesitation in identifying the 
hj^thetical factor unit with the physical unit factor of the germ cells. Occa- 
ebauges in the constitution of these factors, changes which may have great 
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or small effects on the characters of the organism, do occur; but their frequency is 
not such as to make necessary any change in our theory of the factor as a perma¬ 
nent entity. In this conception biology is on a par with chemistry, for the 
practical usefulness of the conception of stability in the atom is not affected 
by the knowledge that the atoms of at least one element, radium, are breaking 
down rapidly enough to make measurement of the process possible. 

Chromosomal Aberrations.—The number of chromosomes is specific 
for each organism and the individuality of each chromosome is an 
accepted fact by most geneticists. Besides those mutations which consist 
of changes in a single genetic factor, it is apparent that any change in 
the chromosome condition is of interest. Chromosomal aberrations may 
be classified under three general headings: (1) loss or gain of a part of a 
chromosome called deficiency or duplication; (2) loss or gain of a whole 
chromosome as a result of non-disjunction; (3) polyploidy, or increase 
of chromosome numbers as a multiple of a fundamental number. 

The chromosomal aberrations classed under the heading of (2) and 
(3) have been so far the chief sorts which have been found in plant mate¬ 
rial. The extensive studies of Blakeslee and his coworkers with Datura 
as well as the studies with Oenothera prove conclusively that non-dis¬ 
junction is a cause of various sudden changes which have been observed. 
Primary non-disjunction occurs when both members of a chromosome pair 
fail to disjoin and pass to the same pole. This may occur at reduction 
division and leads to the production of an individual with an extra chromo¬ 
some which frequently is a cause of a change in the character expression. 
New types as a result of non-disjunction which breed true have not been 
obtained in experimental material. Miss Mann (1925), however, as a 
result of careful studies in Crepis species has observed relationships which 
could be well explained by such a hypothesis. Thus Crepis capillans 
contains three pairs of chromosomes which can be differentiated from 
each other by measurements of size. C. bursiflora contains two pairs 
which are similar to the large and small chromosomes of two pairs of 
capillaris and two other pairs, each of which is of similar size to the third 
pair of capillaris. 

Many cases of apparent polyploidy are of interest to the plant breeder 
and there is some circumstantial evidence of such origin. Thus in wheat, 
oats, and barley some species of each genus contain 7, 14 and 21 pairs of 
chromosomes, respectively, and it is generally believed that species with 
the higher chromosome numbers arose from those with lower numbers. 
In wheat the species known as Triticum vulgare to which the varieties of 
greatest economic importance belong contains 21 pairs of chromosomes, 
while in the barley genus, Hordeum, all of the cultivated varieties contain 
7 pairs. Doubling of the chromosome number has occurred in experi¬ 
mental material in Datura, Primula, and in Oenothera, and the new forms 
bred relatively true, The combined genetic and cytologic attack is 
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helping to clear up many points in heredity that were formerly more or 
less of a mystery. 

Crosses between Related Species with Different Chromosome Num» 
bers. —In discussions of breeding certain crops, notably wheat, a resume 
will be given of crosses between species which differ in chromosome num¬ 
ber. It appears sufficient at this point to classify such crosses on the 
basis of their cytological behavior (see Sax and Sax, 1924). 

1. All chromosomes may fail to pair in Fu Such results were obtained 
in a cross between Crepis setosa (4 haploid) X C, capillar is (3 haploid). 
In Fi plants seven chromosomes were observed. The Fi plants were 
partially sterile and reduction division was irregular (Collins and Mann, 
1923). 

2. A varying number of chromosomes may pair in the F\ reduction 
division. Such results were observed by Farmer and Digby in a cross of 
two species of Polypodium, 

3. The chromosomes of one parent may pair in Fi reduction division 
with some of the chromosomes of the other parent. Such results were 
observed by Kihara (1919) and Sax (1922) in wheat crosses where the 
parent species contained 14 and 21 chromosome pairs, respectively. 

4. The chromosomes contributed by one parent may not pair with 
those of the other, but pairing may occur among the chromosomes con¬ 
tributed by only one of the parents. These results were obtained in a 
cross of Crepis setosa (haploid = 4) X C. hienms (haploid = 20). Col¬ 
lins and Mann (1923) thought that the twenty biennis chromosomes 
paired with each other and that the setosa chromosomes remained 
unpaired. If such was the case probably biennis is a polyploid species. 

5. At reduction division, chromosomes unite in sets of more than two. 
Thus in triploid Daturas the chromosomes are grouped in 12 sets of three 
chromosomes each at the heterotypic stage of reduction division. Two 
members of each set pass to one pole and the other member passes to the 
opposite pole and apparently this occurs at random (Belling and Blakes- 
lee, 1923). 

This brief discussion is perhaps sufficient to give some idea of the 
various types of behavior which may be expected in crosses between 
related species. For any particular crop where such species crosses are 
of value, it is necessary to make intensive correlated genetic and cytologic 
studies. It is probable that some of the peculiar results which have been 
obtained may be explained eventually by cytological irregularities or 
by chromosome aflinities different in the hybrids than in the parental 
varieties. 
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BIOMETRICAL METHODS 

The use of statistical methods in an analysis of the mode of inheritance 
of characters, in studies of the correlation between characters and in studies 
of genetic linkages, together with the need of biometry in an interpreta¬ 
tion of the experimental results from field-plot trials, are some of the 
reasons why the plant breeder should have a working knowledge of 
biometrical methods. There is considerable variation between separate 
determinations of such characters as yielding ability, reaction to pathoge¬ 
nic organisms, strength of straw or the feeding value of different crops, 
and of strains within crop varieties. In some cases, results of a single 
trial are published and advice is based upon such results. 

The purpose of the present chapter is to present some of the more 
important biometrical tools and to illustrate their mode of calculation 
and their meaning. It is impossible to treat thoroughly the subject of 
biometry in a single chapter. Courses in biometry are now given in 
many of the colleges and universities. The present chapter will serve, 
perhaps, to help those students who have not had an opportunity to 
study biometry under a well-trained biometrician. It will also serve 
as a reference where the more commonly needed biometrical formulce 
can be found, together with an illustration of their mode of calculation. 

In dealing with such quantitative characters as length of ear in com 
or height of plant, numerous measurements will commonly be taken. 
Because of the work involved, the number of measurements will be limited. 
By statistical treatment, the results can be analyzed. It is of importance 
that the sample used for the measurements represent a random sample 
of the population and that the data be taken accurately. The units of 
measurement to be used will depend upon the extent of variability of 
the character which is being studied and upon the degree of precision 
required. 

Constants of the Normal Curve.—^The constants most commonly in 
use are based upon functions of the normal curve of probability or of 
error, as it is sometimes called. Such a curve is obtained approximately 
by expanding the binomial (a + 6)" where a 6 »= 1 and n approaches 
infinity. Polygons representing the expansion of (a + &)* and (a + 
are compared with the normal curve (see Pig. 11), 

The more important constants are the mean, mode, standard devisr* 
tion, coefficient of variability, and probable error. 

36 
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There are various methods of calculation of these constants. The 
methods illustrated here are, in general, adapted for machine calculation 
and are those which are recommended by Dr. J. Arthur Harris, who 
has done much to stimulate the use of biometry as an aid in correct analy¬ 
sis of biological problems. 

The mean M is the arithmetical average and is the best measure of 

type. M = — where SX = sum of the variates and n = total variates. 
^ n 

Where measurements are placed 
in classes, X = fV] where, / = fre¬ 
quency; and V = class center. 

The mode is the class of 
greatest frequency. In a normal 
curve the mean and mode coincide. 

In some cases multimodal curves 
are obtained. In the illustration 
on page 30 for length of internode 
of the barley rachis some multi¬ 
modal curves representing Fz gen¬ 
erations are shown in the lower 
figure. In these curves the results 
are due to a combination of en¬ 
vironmental conditions together 
with genetic factors for length of 
internode. 

The standard deviation is 

an absolute measure of varia- Fm. ll. —Polygons representing expansion O. 
, r XU -X r binomials (a+6)^ and (a+6)^® as com- 

blllty in terms oi the unit Ot pared with the normal curve. {After Babcock 

measurement. Clausen.) 

S(X^) r ^{X) y 
n L n J 

In a formula frequently given S. D. = where d = deviation 

Th 

of a class from the mean, / = frequency, and n = number of individuals, 
n — 1 is recommended in place of n where the number of individuals is 
less than 50. 

CJoefficient of variability is a relative measure of variability in per¬ 
centage. It is of value in comparing the variability of populations with 
different means or differing in units of measurement. 

^ „ S. D. X 100 

V. - 

llie reliability of a particular biometrical constant is determined by 
Ite {Hrobable err(»r. The smaller the probable error in relation to the 


S.D. = ^ 
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magnitude of the constant, the greater the confidence that may be placed 
\n the meaning of the constant. The probable error is the quantity, 
which, when added to and subtracted from the biometrical constant, 
gives respectively a sum and a difference between which, the chances are 
even, the true value lies. For example, if the mean height of a certain 
group of 100 students was 5.7 feet with a probable error of ±0.1, the 
chances are 50:50 that the mean height of another group of 100 students 
^aken from the same population would fall between the limits 5.6 and 5.8 
feet. It is apparent, therefore, that the chances are also 1:1 that the 
mean height would fall outside of the limits set up by 5.6 feet as the lower 
limit and 5.8 feet as the upper limit. 


P. E. of a single determination = 
P. E. of mean or of n determinations = 


S. D. X ±0.6745. 
± 0.67 45 S. D. 
y/n 


P. E. of S. D. 

P. E. of C. V. for a C. V. value of 10 
or less 


±0.6745 S. D. 
\/2n 

± 0.6 74 5 C.V. 
y/2n 


P. E. of C. V. for aC. V. value of more 
than 10 

P. E. of a difference 


\/a^ + 6^ — 2rab X a X 5 


where a and 6 represent the probable errors of the separate values being 
compared and r is the correlation between separate measurements of the 
quantities being compared. When r is 0, the formula becomes + 6® 

P. E. of an average of averages = ~\/ 

where N = the number of separate averages and a • 6 • c • . . n represent 
the separate probable errors. 

For averages representing different numbers for the separate calcular 
tions this formula becomes 

P. E. = “V ni^ei^ + 712^62^ • • • rin'^ej 

in which ni, 712 , etc. are the total numbers within a group; 61 , € 2 , etc. 
separate probable errors, and N the total numbers in all groups. 

The probable error of a Mendelian ratio for numbers may be obtained 
from the formula 0.6745 and for percentages from the formula 

0.6746-y^ in which n is the total number of individuals and p and q 

are the percentages corresponding to the ratios concerned, as 0.76 and 
0.26 for a 3:1 ratio (providing neither pe or ^ are very small). Tables <rf 
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probable errors of Mendelian ratios have been computed and can be 
purchased from the Department of Plant Breeding, Cornell University. 

In some cases, it is desirable to calculate a mean and standard devia¬ 
tion based upon a small number of individuals. It is generally conceded 
that at least 20 records should be available, although under certain 
conditions, computation based upon smaller numbers may be worth while. 
Definite rules cannot be laid down regarding this or other biometrical 
problems. In general, provided the work is carried on accurately, a 
positive relation between numbers and reliability exists. With small 
numbers of individuals, it is not necessary to place the results in a fre¬ 
quency table. 

One of the methods of obtaining an idea of the variability of yields 
and of the consequent probable error in field-plot trials is to use the 
results obtained from systematically distributed check plots of a standard 
variety for the computation. In the following illustration each yield 
given in bushels represents the average from four systematically distrib¬ 
uted rod-row plots of Marquis wheat: 


X 

X* 

26.9 

723.61 

24.7 

610.09 

27.4 

750.76 

29.3 

858.49 

24.4 

595.36 

27.1 

734.41 

27.8 

772.84 

24.6 

605.16 

25.4 

645.16 

30.3 

918 09 

27.0 

729.00 

28.8 

829.44 

27.9 

778.41 

25.6 

655.36 

26,9 

723 61 

26.6 

707.56 

2(X) 430.7 

S(A')2 11,637.35 


Mean of X = X - 430.7 -M6 = 26.92 S(X)Vn = 727.3344. 
S. D. = \/727.3M4 - 724.6864 = \/2.6486 = 1.63K 
P. E. of a single determination = 1.63 X 0.6745 = 1.10. 

P. E. of mean = +0.6745 = 0.27. 

Vie 

P. E. of S.D. = ±0.6745-^ = 0.19. 

V32 


^ For small numbers, on the basis of n — 


value may be multiplied by 



1 , 


in the denominator, the calculated 
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When larger numbers are available, the separate results are collected 
in the form of a frequency distribution. If the difference between consec¬ 
utive class centers is an odd number, it facilitates somewhat the making 
of the summary and allows the class centers to be whole numbers. In 
the following frequency distribution, diameters of pollen grains of the 
varieties of wheat, Marquis, Triticum vulgarey and Mindum, T. duruntf 
are summarized. The data were taken at Minnesota by Griffee. Class 
center 57, for example, contains all diameters from 65.5 to 58.4, etc. 


Table II. —Fkeqfency Distribution for Diameters of Pollen Grains op Mar¬ 
quis AND Mindum Wheats 




Classes for diameter of 






Variety 

pollen grains in microns 

Total 

Mean 

S D 

C V 

!42| 

45j 

48i 

i 

51| 

54| 

*57| 

60 

eaj 

eej 

eoj 





Marquis 






8 

28 

451 

18 

1 

100 

62 28 ± 0 18 

2 62 ± 0 12 

4 21 ± 0 20 

Mindurn 


Ij 

7 

37i 

32 


8 




100 

53 16 ± 0 23 

3 40 db 0 16 

6 40 ± 0 31 


An illustration of the calculations of the mean and standard devia¬ 
tion for diameters of pollen grains in Marquis wheat is given: 


Class Cbntek 

V 

Fbkqubncy 

/ 

X{X) - X{fV) 

2(X«) - 2(7* X f) 

57 

8 

456 

25,992 

60 

28 

1,680 

100,800 

63 

45 

2,835 

178,605 

66 

18 

1,188 

78,408 

69 

1 

69 

4,761 


100 

6,228 

388,566 

M = 

6,228 _ 

100 “ 



S.D. = 

- (62.28)* = 6.8616 = 

2.62. 


In actual practice, with machine calculation, only the totals, and not the 
values of separate calculations, would be carried out. 

For the student who does not have available a calculating machine, 
the short method of computation known as the guess method may be 
desirable. This method may be found in various textbooks^ where statis¬ 
tical constants are discussed. 

In determining the importance statistically of any calculated result, 
the probable error is used. A difference between two results, which is 
6 to 10 times the probable error of the difference, is sufficiently great so 
that the chances that the difference is not due to errors of random sam- 
pUng are very great. 

»See SrNNOTT and Dunn, '^Principles of Genetics,*’ p. 246, McGraw-Hill Botdc 
Company, Inc.. New York, 1^* 
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The meaning of the probable error can be understood best from a 
study of a normal curve. 

In Germany and some other European countries the standard devia¬ 
tion, sometimes called the standard error, is used in place of the probable 
error in which case the significance of a result is determined on probability 
tables based upon she standard deviation. In America probable error 
is used as the measure of the mathematical significance of the calculated 
constant providing that controllable errors have been eliminated. Two 
illustrations may help to make the meaning clear. Suppose the differ¬ 
ence between two biometrical constants is 5 and the probable error of the 
difference is ±5. The question arises whether this difference has any 
significance. In this case the deviation divided by the probable error is 



Fig. 12.—A normal curve of error showing the relationship between the quartile, i.e., 
the probable error of a single variate, and the standard deviation. Q » 0.6745or. In this 
curve the mode, median, and mean are identical. The quartile equals the probable error 
of a single variate. The proportions of variates within certain areas of the curve are as 
follows: 

within ilf ± Q, 50 per cent of the variates, within M ± a, 68.3 per cent of the variates; 
within M ± 2Q, 82.3 per cent of the variates, within M ± 2<r, 95.6 per cent of the variates; 
within M ± 3Q, 95.7 per cent of the variates, within M ± 3(r, 99.7 per cent of tlie variates. 
{After Babcock and Clausen,) 

1 and, therefore, in another similar experiment the probability of the 
occurrence of a deviation as great or greater than 5 due purely to chance 
is 50:60 and similarly the odds against the occurrence of a deviation as 
great as or greater than 5 due to chance is 1:1. In other words the 
difference 5 ± 5 has no statistical significance but may be attributed 
wholly to random fluctuation. Suppose, on the other hand, a difference 
of 10 ± 2 is considered. In this case, the difference divided by its probable 
error is 6. Opposite the number 5 in the first column of Table III, the 
number 0.074 is recorded in the second column. This means that in 
another similar experiment the probability of obtaining a difference as 
great as or greater than 10 due solely to chanee is only 0.074 to 99.926, 
or stated in another way the odds against the occurrence of a difference 
as great as or greater than 10 due solely to random fluctuation is 1,350.36 
: 1 (third column). Here then is a real difference and it becomes neces¬ 
sary to seek a cause for it other than chance fluctuation. 
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Table III.—Probabilitt of Occurrence op Statistical Deviations op Different 
Magnitudes Relative to the Probable Error 


Deviation divided by P. E. 

Probable occurrence of a 
deviation as great as or greater 
than the designated one 

Odds against the occurrence 
of a deviation as great as or 
greater than the designated one 

1.0 

50 00 

1.00:1 

1 1 

45.81 

1.18:1 

1.2 

41.83 

1.39:1 

1 3 

38.06 

1 63:1 

1.4 

34.50 

1.90:1 

1.5 

31.17 

2.21:1 

1.6 

28.05 

2.57:1 

1.7 

25.15 

2.98:1 

1.8 

22.47 

3.45:1 

1.9 

20.00 

4.00:1 

2.0 

17 73 

4.64:1 

2.1 

15 67 

5.38:1 

2.2 

13.78 

6.26:1 

2.3 

12.08 

7.28:1 

2 4 

10 55 

8.48:1 

2 5 

9 18 

9.89:1 

2.6 

7.95 

11.58:1 

2.7 

0.86 

13.58:1 

2.8 

5.90 

15.95:1 

2.9 

5.05 

18.80:1 

3.0 

4.30 

22.26:1 

3.1 

3.65 

26.40:1 

3.2 

3.09 

31.36:1 

3.3 

2.60 

37.46:1 

3.4 

2.18 

44.87:1 

3.5 

1.82 

' 53.95:1 

3.6 

1.52 

64.79:1 

3.7 

1 26 

78.37:1 

3.8 

1.04 

95.15:1 

3.9 

0.853 

116.23:1 

4.0 

0.698 

142.26:1 

4.1 

0.569 

174.75:1 

4.2 

0.461 

215.92:1 

4.3 

0.373 

267.10:1 

4.4 

0.300 

332.33:1 

4.5 

0.240 

415.67:1 

4.6 

0.192 

519.83:1 

4.7 

0.152 

656.89:1 

4.8 

0.121 

825.45:1 

4.9 

0.095 

1,051.63:1 

6.0 

0.074 

1,350.35:1 

6.0 

0.0052 

19,230.00:1 

7.0 

0.00023 

484,782.00:1 

8.0 

0.000000068 

1.470,588,234.00:1 
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Table III presents computations which assist in determining the 
mathematical significance of the result on a probable-error basis. 

Correlation of Characters.—The previous illustrative problems have 
referred to the variability of expression of a single character and to the 
means of interpretation. In actual practice, two or more characters 
frequently must be worked with at the same time. There are two 
different classes of associations of interest to the plant breeder: (1) those 
due to physiological causes and (2) those definitely the result of genetic 
linkages which result from the fact that the character expressions are 
dependent upon genetic factors located within the same chromosome. 
In actual practice, as long as environmental conditions remain the same, 
the same tendency for physiologic correlation of characters would be 
expected. In considering genetic association, it is to be expected that the 
genetic linkage can be broken and, in certain lines, a change from a posi¬ 
tive association to a negative one would be expected. The usual method 
of studying the association of two characters, which is not dependent 
on a known genetic linkage, is by means of a correlation coefficient. In 
certain cases, the correlation coefficient is a convenient means of deter¬ 
mining the extent to which the character is transmitted under the condi¬ 
tions of the experiment. 

The coefficient of correlation r is used as a measure of degree of asso¬ 
ciation. Perfect positive correlation is 1 and perfect negative correlation 
— 1, while intermediate values denote association of a lesser degree. 
A convenient working formula is 

^ ^ _ _ i:{XY)/n - XY _ 

\/s(X»)/n - [S(X)/n]VsTr^)7^“- lS(y)/n]2 

where X and Y are the means of Xand 7, respectively. 

If only small numbers of individuals are available for the measurement 
of each character, the results need not be placed in classes or even in a 
table. The following illustration is given for this calculation where pro¬ 
tein content and loaf volume are the characters studied. The separate 
strains of wheat were grown at four stations in Minnesota, and the seed 
for the milling and baking trials was a mixture of equal quantities of seed 
for each of the four tests. The milling and baking studies were made 
under the direction of Dr. C. H. Bailey of the Department of Biochemistry 
of the Minnesota Agricultural Experiment Station. 

In the problem, the respective values of X, or loaf volume, and 7, 
or protein content, are arranged in parallel columns. The means of X 
and 7 are obtained directly by adding the totals for each column and 
dividing by the number of tests. S (X) ^ and S (7) ® are the squared values 
for each separate entry of X and 7, respectively, and the summation of 
the same, while 2J(X7) = the summation of the product of each value of 
X by the corresponding value of 7. The problem is illustrated here. 
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X - Loaf 
VOLITMB 

Y « Pbotbxn 
CONTBNT 

1,980 

14.9 

2,030 

14.3 

2,235 

17.1 

2,246 

15.4 

2,285 

16.3 

2,225 

14.7 

2,030 

14.3 

2,070 

14.7 

2,010 

14.1 

2,000 

13.9 

1,990 

13.4 

2,010 

14.1 

2,060 

14.1 

2,000 

14.1 

1,930 

14.9 

1,970 

13.7 

1,980 

13.7 

2,010 

13.6 

2,020 

13.4 

2,010 

13.9 

Z(X) - 41,090 

Z(Y) - 287.6 

X(X)/n - 2,054.5 

2(Y)/n - 14.38 


X* 


S(X)* - 84,624,900 
)(XWn - 

4,231,245 


yi XY 


X(Y)t - 4,149.96 r(Xy) « 692,067.6 
S(r)Vn - X(XY)/n - 

207.498 29,602.875 


Substituting in the formula for r, 

29,602.875 - (2, 0 54,5 X 14.38) _ 

^ - (2,054.5)"V^498'^14:^P 

P.E. of r = ±0.6745 = ±0.0788. 


= 0.6910. 


Since 


r 

¥7Kr 


is 8,8 these data prove very conclusively that there was a 


direct correlation in this material between protein content and actual 
loaf volume as determined by a baking trial. 

With a larger number of individuals, the data for each character may 
be placed in classes and the material entered in the form of a correlation 
table or correlation surface. An illustration is given for the relation 
between protein content and the number of seeds per ear in com. The 
actual class values for number of seeds ranged from 25 to 375, while the 
class centers were separated by 50 seeds. The class values for protein con¬ 
tent ranged from 12.5 to 18.0 with class centers separated by 0.5. For the 
calculations, arbitrarily selected class centers of 1, 2, 3, etc. were used. 

In this problem yX equals the frequency of each class value of X multi¬ 
plied by the class value of Y and the summation of the same. For 
example, the calculation of yX for protein content class center 14.5 or 5 
may be illustrated. The calculation is as follows: 


(1 X 6) + (1 X 7) + (1 X 8) * 21. 

(yX) * may likewise be illustrated for the same class value as for pX 
(1 X 6*) + (1 X 7*) + (1 X 8*) -- m 
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Since the products may be added on the machine as obtained, it 
is not necessary to calculate and record each separate value in the 
column 

S(XF) may be calculated by multiplying each value of yX by the 
class value of Y and adding or by using the values of xF and multiplying 
these by the class value of X and their summation. By calculating 
S(X Y) in both ways, a check on the accuracy of the calculation is obtained. 


Table IV. —Correlation between Number of Seeds per Ear and Protein 
Content in Selped Ears of Fi Crosses, 13-46-227 X 13-30-211 

Number of seeds per car classes 
25 75 125 175 225 275 326 375 
1 2 3 4 5 6 7 8 







1 





1 

1 





1 


1 





1 





1 

1 

1 




2 

2 

1 


1 

1 

3 

2 


2 

2 

1 

3 

7 

1 

3 

5 

2 

4 

1 


2 1 2 

3 

1 


1 


1 

1 

1 




1 







fx 2 1 0 12 6 15 17 4 


hiSSSSSSS! 

w ^ ^ ^ 


** n 
1^ 
« 


fv 

2(,,X) 


r(i/X)* 

XiXY) 

.X- 

' XyX/fV 

1 

7 


49 

7 

7 


2 

13 


85 

26 

6 

5 

2 

14 


100 

42 

7 


1 

7 


49 

28 

7 


3 

21 


149 

105 

7 


5 

34 


234 

204 

6 

8 

7 

41 


247 

287 

5 

8671 

16 

94 


590 

752 

5 

875 

15 

70 


350 

630 

4 

6667 

10 

34 


146 

340 

3 

4 

3 

12 


50 

132 

4 


1 

3 


9 

36 

3 


66 

350 


2,058 

2,589 




S(vX)/n - 

^ = 5 3030 





2:(»X)Vn = 

2.058 

66 

» 31 1818 





S(XF)/n - 

2,589 

66 

» 39 2273 





is’ iftl* "t* « 


C 


M 


Z(Xr)/a - XY 


Q 


VZUX)yn ~ (X)* Vsunvn - (D* 

^__39 227 3 -- 41 5400 _ 

VSI 1818 - 28 ms \/60 469T- 61 8606 
-2 3127 

’ 1 7493 X 2 2603 
> -0 5849 


P. E * 


0 6745(1 -r«) 

Vn 


->0.0546 


Rogramon of Xon P, to be disouaied later, X » 0 ^ 0 

X - 5.8080 4-(o 5849 X X 7.8338) - (o 5849 xU^r) r., --0 5846 ± 0.0546 


X - a8491 - 0.4527F 


The value of a correlation coefficient is determined in relation to its 
probable error as for any other biometrical constant. 

Regression*—Every simple correlation surface has two regressions, 
the regrearions of X on K and Y on X. The regression of X on F 
Is essentially the means of the a^arrays (horizontal) connected by a fitted 
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curve and similarly the regression of F on X is the means of the ^/-arrays 
(vertical) coimected by a fitted curve. If the fitted curve is sensibly a 
straight line, regression is linear. If regression is linear, the correlation 
coefficient r is usually used to express the degree of correlation and, if 
regression is curvilinear, the correlation ratio rj is used. 

Linearity of regression may be estimated by comparing the broken 
lines which connect the means of the x- or iz-arrays with the plotted straight 
lines derived from the respective regression equations, but, in most cases, 
it is safer to rely on more precise methods. The formula for the calcula¬ 
tion of the regression of X on F is as follows: 



1 2 3 4 56 78 



In substituting in this formula, it is necessary to use the sign of the 
correlation coefficient in the usual algebraic manner. For a correlation 
coefficient of —0.5, the quantity —rary becomes +0.5. 

An illustration of a graphical test for linearity oi regresrion of X on F 
will be given. First, it is necessary to obtain the means of the various 
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^-arrays (rows). For example, in Table IV, yX =* SyZ/fy, t.e., the mean 
of each horizontal frequency distribution is calculated and entered in the 
last column at the right of the Table. These means are plotted (broken 
line) in Fig. 13. 

The next step is to calculate the regression of Z on F or, in other 
words, the regression of number of seeds per ear on protein content. 
By substituting the proper values in the formula given above, the equa¬ 
tion becomes X = 8.8491 — 0.4527 F. In this equation X is the 
dependent variable and Y is the independent one or, in other words, the 
value of Z is determined by the particular value which is assigned to F. 
To plot the straight line represented by the equation, it is necessary to 
determine two values of X only, het the values of the end classes of F, 
or 1 and 12, be substituted in the equation. 

X = 8.8491 - 0.4527 X 1, or 8.3964. 

X - 8.8491 - 0.4527 X 12, or 3.4167. 

By connecting the two points (Z = 8.8491, F = 1 and Z =* 3.4167, 
F = 12), the desired straight-line regression of Z on F, shown in Fig. 13, 
is obtained. 

In general, the regression appears approximately linear when it is 
noted that there are small frequencies in the classes for low protein 
content. This gives a graphical test of linearity. 

The student may have observed from the illustration just given that 
the regression equation is useful for predicting values. For example, in 
the problem at hand it is possible to estimate the number of seeds per 
ear from the protein content and, similarly, by means of the regression 
equation of F on Z, it is possible to estimate the protein content from the 
number of seeds per ear. The greater the correlation between two sets 
of variables, the more accurately may the value of one variable be 
predicted from a known value of the other. 

The Correlation Ratio.—The second (and a truly mathematical) 
measure of linearity of regression is obtained by comparing the correlation 
coefficient with the correlation ratio. The correlation ratio is of value, 
also, where one of the variables is measured in categories such as color of 
glume in small grains and the other in numerical values. Its calculation 
is given here. The formula for the correlation ratio is as follows: 

^[("yZ ~ Z)T/n 
<rX 

The calculations^ajpe as follows: Where yZ « mean of values of Z for 
mok class of F; Z =» mean of Z, The data for protein content and num¬ 
ber of seeds can be used in the illustration. 
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fy 

vX 

eX-X 

{,X-X)\ 

M,x-xy 

1 

7 

1 6970 

2.8798 

2.8798 

2 

6.5 

1 1970 

1.4328 


2 

7 

1 6970 

2.8798 ! 


1 

7 

1.6970 

2.8798 


3 

7 

1.6970 

2.8798 


6 

6 8 

1.4970 

2.2410 


7 

5 8571 

0.5541 

0.3070 


16 

5 875 

0 5720 

0 3272 


15 

4 6667 

0.6363 

0.4049 


10 

3.4 

1.9030 

3.6214 


3 

4 

1.3030 

1 6978 


1 

3 

2 3030 

5.3038 


66 




94 2981 


- VI^8^ - 1.1963. 

1.1963 
’ 17193 


In the following comparison Blakeman’s test for linearity is used. 
The formula is stated in terms of the probable error of the difference 
between and It is taken from Pearrs ‘^Medical Biometry and Sta¬ 
tistics/^ and is as follows: 

P. E. 7 * - r* = 2 X —X - r» X VU - - (1 - + 1. 

■yn 

The calculation is given here: 

P. E. V* - r* = 2 X 0.08302 X V(0.6832)* - (0.5849)* X 

-n/(0.633238)* - (0.657892)* + 1. 

Solving, P. E. 17 * — r* = 0.0594 

The difference between >;* and r* is 0.1247. The difference is 2.3 
times its probable error which is not very signiBcant. It may be con¬ 
cluded that the regression is sensibly linear. 

In the illustration of the calculation of the correlation ratio, only 66 
individuals were studied. The statement is generally made that 17 
should not be used for small numbers as the outlying individual in the 
correlation surface has a great effect on the correlation ratio. For the 
experimental biologist, however, small numbers are frequently a necessity 
and the value of 17 is an aid in drawing the best possible conclusions. 

In a study of the correlation between varietal yields in relation to 
some such factor as reaction to a particular disease organism, the data 
for each individual variety are based as a rule on the results of several 
replicated plots, and disease reaction is obttuned under oontrdled efd^ 
dmnic conditions* In a corrdation in which oni^ 66 entries appear in 
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the table, each entry is, in many cases, based on several observations 
under controlled conditions. 

The Coefficient of Contingency.—When both series of variables are 
measured in categories, the coefficient of contingency may be used. Its 
calculation may be illustrated by a study of the degree of infection of 67 
barley varieties or strains by Helmirdhosporium sativum^ the spot-blotch 
disease. In this study the infection degree was studied when the barley 
was nearly mature. Separate notes were taken on the degree of infection 
of heads, culms, and roots. The terms “heavy,“medium,^' “light,^^ 
and “ tracewere used and were modified by the addition of + or — 
for very heavy and less heavy, respectively. In the table the classes fe+, 
A, A—, etc., are denoted by il, B, C, etc. 


Table V. —Correlation between the Degree of Infection of 67 Bari^et Strains 
OR Varieties for 1921 and 1922 
Degree of infection, 1022 
H I J K L M 0 P R 



The calculation of the expected number of individuals in each 1922 
class for a total of four, and for class A in 1921, is obtained by dividing 
4 by 67, or 0.0597. This is given under the heading of “chances’' at 
the right of the correlation surface. The calculated number for each 
class in the table was obtained by multiplying the “chances” by the 
total number of individuals in the group concerned. Thus for a total 
number in H of 6, the calculated number for AH is 6 X 0.0597 or 0.3582 
and the calculated number for A/ is 3 X 0.0597 =» 0.1791, etc. 

X* is obtained from the usual formula Z* •= (0 — C)*/C. ■= 

X* 

~ and the coefficient of mean square contingency — (7' •* 

For rough judgments the Probable Error of the mean square contin* 



gmoy -■ P. E. C" 


2 X 0.6745 


1-C? 

Vn 




so 
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The calculation is illustrated in detail; 


0 

c 

1 

o 

(0 - ovc 

AH 

1 

0.3582 

0.6418 

1.1499 

AI 

0 

0.1791 

0.1791 

0.1791 

AJ 

1 

0.6667 

0.3433 

0.1795 

AK 

1 

0.1791 

0.8209 

3.7626 

AL 

1 

0.4179 

0,5821 

0.8108 

AM 

0 

0.7164 

0,7164 

0.7164 

AO 

0 

0.3582 

0.3582 

0.3582 

AP 

0 

0.7164 

0.7164 

0.7164 

AR 

0 

0.4179 

0.4179 

0.4179 

BH 

2 

0.3582 

1.6418 

7.5251 

BI 

1 

0.1791 

0.8209 

3.7626 

BJ 

1 

0.6567 

0.3433 

0.1795 

BK 

0 

0.1791 

0.1791 

0.1791 

BL 

0 

0.4179 

0.4179 

0.4179 

BM 

0 

0.7164 

0.7164 

0.7164 

BO 

0 

0.3582 

0.3582 

0.3582 

BP 

0 

0.7164 

0.7164 

0.7164 

BR 

0 

0.4179 

0.4179 

0.4179 

CH 

2 

1.1640 

0.8360 

0.6004 

Cl 

1 

0.5820 

0.4180 

0.3002 

CJ 

5 

2.1340 

2.8660 

3.8491 

CK 

1 

0.5820 

0.4180 

0.3002 

CL 

0 

1.3580 

1.3580 

1.3580 

CM 

3 

2.3280 

0.6720 

0.1940 

CO 

1 

1.1640 

0.1640 

0.0231 

CP 

0 

2.3280 

2.3280 

2.3280 

CR 

0 

1.3580 

1.3580 

1.3580 

DH 

1 

1.2540 

0.2540 

0.0514 

DI 

1 

0.6270 

0.3730 

0.2219 

DJ 

3 

2.2990 

0.7010 

0.2137 

DK 

1 

0.6270 

0.3730 

0.2219 

DL 

1 

1.4630 

0.4630 

0.1465 

DM 

2 

2.5080 

0.5080 

0.1029 

DO 

0 

1.2540 

1.2540 

1.2540 

DP 

5 

2.5080 

2.4920 

2.4761 

DR 

0 

1.4630 

1.4630 

1.4630 

BH 

0 

1.7016 

1.7016 

1.7016 

El 

0 

0.8508 

0.8508 

0.8508 

EJ 

1 

3,1196 

2.1196 

I 1.4402 

EK 

0 

0.8508 

0.8508 

0.8508 

EL 

2 

1.9852 

0.0148 

0.0001 

EM 

3 

3.4032 

0.4032 

0.0478 

BO 

2 

1.7016 

0.2984 

0.0523 

BP 

5 

3.4032 

1.5968 

0.7492 

BR 

6 

1.9852 

4.0148 

8.1194 

FH 

0 

0.8058 

0.8058 

0.8058 

FI 

0 

0.4029 

0.4029 

0.4029 

FJ 

0 

1.4773 

1.4773 

1.4773 

FK 

0 ! 

0.4029 

0.4029 

0,4029 

FL 

2 

0.9401 

1.0599 

1.1950 

FM 

2 

1.6116 

0.3884 

0.0936 

FO 

3 

0.8058 

2.1942 

5.9748 

FP 

1 

1.6116 

0.6116 

0.2321 

FR 

1 

0.9401 

0.0599 

0.0038 

OH 

0 

0.3582 

0.3582 

0.3582 

01 

0 

0.1791 

0.1791 

0.1791 

OJ 

0 

0.6567 

0.6567 

0.6567 

OK 

0 

0.1791 

0.1791 

0.1791 

OL 

1 

0,4179 

0.5821 

0.8108 

QM 

2 

0.7164 

1.2836 

2.2999 

00 

0 

0.3582 

0.3582 

0.3582 

OP 

1 

0.7164 

0.2836 

0.1123 

OR 

0 

0.4179 

0.4179 

0.4179 




68.7989 


^?(0. - C)Vg - - 1.0298 


CwfficieDt of oontingeooy •• “ V^O.6066 •• 0.7118 

P. £. C > 2 X .08240 X .493341 - .0813. 
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The Method of Studying Goodness of Fit.” —Because the coeffi¬ 
cient of contingency is similar in calculation to the its inclusion at 
this point appears desirable. It is particularly applicable to Mendelian 
segregation when more than two phenotypic classes are considered. 
The application of this method to Mendelian results was suggested by 
Harris (1912). The method is illustrated: 


Phenotype 

Observed 

0 

1 Calculated 

' C 

1 

0 - r 

(0 - cy 

(0 - cy 
c 

1 

Purple, starchy. 

1,861 

1,822.5 

38 5 

1,482.25 

0.81 

Purple, sweet. 

614 

607 5 

6 5 

42.25 

0 07 

White, starchy. 

548 

607 5 

59 5 

! 3,540 25 : 

5 83 

White, sweet. 

217 

202.5 

i 1 

14.5 

210 25 

1.04 




For four classes and = 7.75 the value of P may be looked up in the 
table (see Pearson^s tables, 1914). On this basis probability, or P. = 
0.0525. This may be interpreted that a worse result might be expected 
on the basis of random sampling 525 times in 10,000 trials, or 1 in 19.0 
trials. 

In one comparison made by G. Udny Yule (1923) a probability of 0.86 
was obtained. This was interpreted in his words, ^^so that we might 
expect a worse agreement 8 or 9 times in ten trials.” 

Partial Correlations.—When more than two series of variables have 
been considered and all possible relationships have been determined, it is 
frequently desirable to hold constant all factors considered except the 
two. The true importance of each variable can be determined by this 
method. In case any one variable does not appear to be related to any 
of the others by means of simple product-moment coefficients of correla¬ 
tion, this variable should be discarded from the study. In most cases, 
it will be necessary to calculate first the simple product-moment 
coefficients. 

Studies of loaf volume in wheat in relation to three other variables 
protein content, a factor representing quality of gluten, and diastatic 
activity—may be used in illustration. The original data are presented 
in the following table: 
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Table VI.—1924 Milling Rbsitlts 


Mixture of Seed from University Farm, Crookston, Morris, and Waseca in Proportion 
of 2:2:2:1 lb., respectivelyi 


Chem¬ 

istry 

number 

Variety 

Loaf 

volume 

Protein 

H 2 O 

Quality 

of 

gluten 

Dia¬ 

static 

activity 

8,735 

Marquis. 

1 

1,980 

14,9 

2.4 

65 

8,736 

Marquis X Kota, II-19-9. 

2,030 

14.3 

2.5 

144 

8,737 , 

Kota Natural Cross, 11-18-33. 

2,235 

17.1 

2.0 

105 

8,738 

Kota Natural Cross, 11-18-21. 

2,245 

15.4 

1.9 

98 

8,739 

Kota Natural Cross, II-19-2. 

2,285 

15.3 

2.2 

100 

8,740 

Marquis X Kota, N. D. 1656. 

2,225 

14.7 

2.5 

97 

8,741 

Marquis X Kota, N. D. 1658. 

2,030 

14.3 

2.2 

90 

8,742 

Kota. 

2,070 

14.7 

2.7 

90 

8,743 

Marquis. 

2,010 

14.1 

2.6 

52 

8,744 

Marquis X Kanred, II-17-4. 

2,000 

13.9 

2.0 

89 

8,745 

Marquis X Kanred, 11-17-14. 

1,990 

13.4 

2.1 

69 

8,746 

Marquis X Kanred, 11-17-16. 

2,010 

14.1 

2.5 

61 

8,747 

Marquis X Kanred, 11-17-22. 

2,060 

14 1 

2.4 

71 

8,748 

Marquis X Kanred, 11-17-37. 

2,000 

14.1 

2.6 

88 

8,749 

Marquis X Kanred, 11-17-40. 

1,930 

14.9 

2.3 

102 

8,750 

Marquis X Kanred, 11-18-44. 

1,970 

13.7 

2.4 

119 

8,751 

Marquis X Kanred, II-18-8. 

1,980 

13.7 

2.3 

94 

8,753 

Marquis X Kanred, B2-5. 

2,010 

13.6 

2.6 

40 

8,764 

Marquis X Kanred, B8-11. 

2,020 

13.4 

2.5 

92 

8,755 

Marquis. 

2,010 

13.9 

2.4 

64 


‘ The data used were furnished by the Department of Agricultural Biochemistry, 
Minnesota Agricultural Experiment Station, the work being carried out under the 
direction of Dr. C. H. Bailey. 


Spring wheats, grown in 1924, were used in the study. Each strain 
used in the test belonged to the bread-wheat species, Triticum vulgare. 
In this problem loaf volume = 1, protein content = 2, quality of gluten 
= 3, and diastatic activity = 4. Calculated-product, moment coeffi¬ 
cients are: 

1 2 3 

2 0.3910 ± 0.0788 

3 -0.3695 ± 0.1302 -0.4134 ± 0.1251 

4 0.2467 ± 0.1416 0.3081 ± 0.1366 -0.2386 ± 0.1422 

At present the normal equation method of obtaining partial correla¬ 
tions is favored. The calculations may proceed from the regression 
values, the formulfis for partial correlations being as follows where 1, 2, 
3, and 4 represent the various series of variables in the study: 
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By the method of normal equations the regression values are calculated 
directly. 

The first normal equation may be written as follows: rn + rn + + 

ri 4 = sum. This may be read, the correlation of 1 or loaf volume with itself 
and with each of the other variables. For this equation the calculated 
regression coefficients would be / 341 . 23 , and ^ 4 ^, 21 . It will be 

noted that the regressions for any series of variables can be obtained 
directly without obtaining an intermediate series. Thus / 343.12 is cal¬ 
culated directly without calculating first jdig.i. etc. 

The rule for setting up the first normal equation is that the last term 
of the normal equation is the first term of the regression coefficient and 
the second term is the term in the same vertical column. 

Calculation of reductions to obtain la, Ila, Ilia, etc. (see problem, 
below). 

Directions, Step 1.—Bring down actual product-moment coefficients 
for 1 with other groups = 1. (It will be noted that the correlation of 
1 with 1 = 1, or 2 with 2 = 1, etc.) Change signs and enter in a new 
row = la. 

Step 2.—Bring down next series of correlation coefficients for 2 with 
other groups. In obtaining sum of this column, add other correlations 
in the same vertical column. For example, 0.6910 + 1 — 0.4143 + 
0.3081 = 1.5857. Multiply I by second term of la and bring down. 
Note that no multiplications are considered for the vertical colunm at 
left. Add = II. Divide by first term of II and change signs = Ila. 

Step 3.—Proceed as for step 2. Bring down next series of correlation 
coefficients for 3 with other groups. Note that other correlations in the 
same vertical column are used in obtaining the sum. Thus, —0.3695 — 
0.4134 + 1 — 0.2386 = — 0.0215. Multiply 1 by third term of la and 
bring down. Multiply II by second term of Ila and bring down Sum = 
III. Divide by first term of III and change signs = Ilia. 


1 

2 

3 

4 

Sum 

I 1 

0 6910 

-0.3695 

0 2467 

* 1.5682 

lo -1 

-0.6910 

4-0.3695 

-0.2467 

=» -1.6682 


1 

-0.4134 

0.3081 

- 1 5857 


-0.4775 

+0.2553 

-0.1706 

-1.0836 

II 

0,5225 

-0.1581 

+0.1376 

« 0 5021 

Ila 

-1 

+0.3026 

-0.2634 

« -0 9610 



1 

-0.2386 

» -0.0215 



-0.1366 

+0.0912 

« +0.5794 



-0.0478 

+0.0416 

» +0.1519 

m 


0.8157 

-0.1058 

- +0.7098 

rao 


-1 

+0.1297 

- -0.8702 


-0.1297 

0.2242 -0.0392 0.2634 

0.0439 -0.1549 -0.0479 0.2467 
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Calculation of Regressions. — 1 . Bring down last figure in Ilia at left 
of == sign. Transfer 1 place to left and change signs = first regression 
^ 43.12 == -0.1297. 

2. Bring down and change signs in Ila and la rows at left of == sign. 
Multiply first regression by values of Ila and la in same vertical column 
and bring down. —0.1297 X 0.3026 = —0.0392 and —0,1297 X 0.3695 
= —0.0479. Add horizontal upper line of this step: 0.2634 — 0.0392 = 
0.2242, which is the regression of /342.ia. 

3. Multiply second regression by value of la in same vertical column, 
0.2242 X —0.6910 = —0.1549. Add horizontal line of this step: 0.2467 
—0.0479 — 0.1549 = 0.0439, which is the regression ^^ 1 , 23 - 

Regression of other variables can be calculated in a similar manner. 
For example, to obtain regression of 14.23, it will be necessary to start 
with a normal equation in which loaf volume 1 is at the left of the equals 
sign, or r 22 + ^23 + ^24 + ^21 — sum. The calculated regressions Pii .23 
and are, respectively, 0.0439 and 0.0254. Substituting in the 

formula 

^41 23 = \/^14.23ftl.23> 

ri4.23 = = 0.0334 

The calculated simple and partial correlation coeSicients are: 


ri2 == 0 6910 ± 0 0788 

rn * -0.3695 ± 0,1302 
ri4 = 0 2467 ±0.1416 

r23 = -0.4134 ± 0.1251 
r24 = 0.3081 ± 0.1365 

r34 * -0.2386 ± 0 1422 


r,2.34 = 0 6216 ± 0 0925 

ri3.24 - -0.1222 ± 0 1486 
ri4.23 - 0.0334 ± 0 1507 

r23.i4 = -0.2101 ± 0 1442 
r24.i3 - 0.1647 ± 0.1467 
r34.,2 = -0.1233 ± 0 1485 


Multiple Correlations.—The multiple correlation coefficient expresses 
the degree to which the dependent variable is dependent upon the other 
factors considered. If the coeflScient of multiple correlation is low, it is 
apparent that some important factor or factors have not been taken into 
account. In general, the multiple correlation coefficient should be 0.9 
or above if all essential factors have been considered. 

If the partial correlations have been computed by the normal equa¬ 
tion method, the multiple correlation coefficient may be calculated from 
the simple product moment correlation coefficients and from the partial 
regression values by the following:^ 

R\. 2 Si '*•»»— (^ 12.34 * ’ • n^l2) 4" (^13.24 * * * n^ia) + 

(/3i4.2« • • • nTu) + (/3i». 284 * * * n-l^ln) 

By substituting in this formula the respective values of the partial 
regression values and of the simple product-moment correlation coefficients 
and making the necessary calculations, it is possible to determine the 

1 WAUiACE and SNfinsooB, '^Correlation and Machine Calculation/’ lovm Off. 
P'Hk,^ vol. 23, No. 35, p. 34. 
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extent to which the dependent variable, loaf volume in the wheat study, 
is a result of the independent variables considered. 

Performing the necessary calculations the value of Ri.m was found to 
be 0.6975. A study of the meaning of this value indicates to what extent 
the factors governing loaf volume have been considered. 

An Interpretation of the Meaning of the Correlation Coefficient.—The 
meaning of correlation coefficients of different magnitude is of primary 
interest. If the coefficient of correlation is 0.5, it is true that it is half 
as great as the largest possible coefficient or 1. A relation of +1, however, 
means that the entire variability of the dependent variable is a result 
of the variability of the independent variable or that the variability of 
both dependent and independent variables is a result of the same funda¬ 
mental cause or causes. The extent to which total variability is a func¬ 
tion of the factors considered in computing any particular correlation 
coefficient can be determined by the appropriate formula. The following 
computation was taken from Richey’s (1924) publication: 


Table VII.—Expected Reduction in Vakiability for Various Correlation 

Coefficients {Richey) 


r = j 

Reduction in variability 

= 100 X 1 - Vf-T’, 
per cent 

r = 

Reduction in variability 
= 100 X 1 - 
per cent 

0.4 

08.4 

0.8 

40 0 

0 5 

13.4 

0.866 

50.0 

0.6 

20.0 

0.9 

56.4 

0 707 

i 29.3 

1.0 

100.0 


With a multiple correlation coefficient or big Ri.nt of 0.6975, substitu¬ 
tion can be made in the formula 100(1 — y/l — r^) which gives a per¬ 
centage value of 28.2. Twenty-eight and two-tenths per cent expresses 
the reduction in variability as expressed by the probable error of the 
predicted loaf volumes as compared with the variability of the actual loaf 
volumes taken about their mean. 

If it is desired to determine the proportion of variability in the depen¬ 
dent variable which may be attributed to its relation with the independent 
variables, fi*, expressed as a percentage figure, should be used. R* 
measures the proportion of total squared variability in the dependent 
variable which may be explained in terms of its mathematical relations 
to the independent variables, leaving the amount expressed by I — if ‘ yet 
to be accounted for. 




CHAPTER IV 


FIELD-PLOT TECHNIC 

The field is the plant breeder's laboratory and the question of correct 
field technique is of the utmost importance. 

In carrying out crop-breeding studies, the number of varieties and 
strains has been greatly multiplied. Vilmorin^s isolation principle, 
whereby the value of any selection is determined by the breeding nature 
of the progeny, has been universally adopted. 

The difficulties of making all conditions of similar nature for a large 
number of strains or varieties which must be tested are very numerous. 
The method used must be such that the performance will be a correct 
indication of the comparative value of the strains when grown under farm¬ 
ing conditions. The purpose of the present chapter is to discuss field- 
plot technic for such disturbing factors as soil heterogeneity and climatic 
conditions. 


SOIL HETEROGENEITY 

The field selected for the comparative trials should be representative 
of the soil and climatic conditions under which the crop will be grown. 
The land must then be cropped in such a manner that it is kept in a 
uniform state of good productivity. In order to do this, it is necessary 
to observe some one of the standard rotations. It is a good practice to 
have one or more bulk crops rotated with the breeding plots in order to 
keep the land uniform. If only one area of land is available, there is 
then no choice and the investigator must see that this field is treated 
in the best possible way. If more than one field is available, it is possible 
to determine which is more nearly uniform by a correlation of contigu¬ 
ously grouped plots, as outlined by Harris (1916), 

ilie Universality of Soil Heterogeneity.—Before presenting this and 
other methods of determining the relative variability in productivity of 
different fields or different areas of the same field, it may be desirable to 
gain some idea of the prevalence erf soil heterogeneity. The use of the 
correlation coefficient was suggested as a means of learning the extent of 
soil variability. This coefficient measures the degree to which near-by 
plots are similar in productivity and allows a comparison of heterogeneity 
in differ<mt fields and in widely separated localities. Correlation ooeffi- 
oients may range from 0«0 to 1 and may be either pomtiye or native. 

66 
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In nearly all studies of heterogeneity, adjacent plots have proved to be 
somewhat similar in productivity and, as a result of the studies, the uni¬ 
versality of soil heterogeneity has been established. Many of these 
studies have been conducted by Harris (1920), the fields used being repre¬ 
sentative of the land available for experimental work. As will be illus¬ 
trated in the problem, the field studied has commonly been grown to one 
crop and at harvest time 3 rields have been determined from small plots 
harvested separately. The extent to which contiguous plots resemble 
each other in yield is determined by the correlation coefficient; the larger 
the coeflScient, the greater the degree of soil heterogeneity. 

In the following summary the size of plots harvested, the characters 
studied, the investigator who furnished the original data, and the corre¬ 
lation coefficients are listed: 


Table VIII. —Correlation Cobppicients Presented by Harris Which Express 
THE Extent of Soil Heterogeneity in Different Localities and with 

Different Crops 


Crop 

Character 

Size of plot 

Investigator 

Correlation 

coefficient 

Wheat. 

Yield, grain 

5.5 by 5.5 feet 

Montgomery, Nebr. 

0,603 ± 0.029 

Wheat. 

Nitrogen content 

6.5 by 5.5 feet 

Montgomery, Nebr. 

0.116 ± 0.044 

Oats. 

Yield, grain 

acre 

Kieaselbach, Nebr. 

0.495 ± 0.035 

Mangels. 

Yield, roots 

J^OO acre 

Mercer and Hall, England 

0 346 ± 0.042 

Mangels. 

Yield, leaves 


(Rothamsted) 

Mercer and Hall, England 

0.466 ± 0,037 

Potatoes. 

Yield 

Rows, 72 feet, 7 

(Rothamsted) 

Lyon 

0.311 ± 0.043 

Corn. 

Yield, grain 

inches long 
acre 

Smith, Ill. (1896) 

0.830 ± 0.019 

Alfalfa. 

Yield, hay 

1913, first cutting 

0.085 acre 

Scofield, Huntley Experi¬ 

0.407 ± 0.060 


1 1913, second cutting 
1914, first cutting 

1914, second cutting 

0.085 acre 

0.085 acre 

0.085 acre 

ment Farm, Mont. 

0,343 ± 0,062 
0.602 ± 0.046 
0.657 ± 0.040 


The data presented in Table VIII are only a small part of those avail¬ 
able and are furnished for the purpose of emphasizing the usual extent of 
soil heterogeneity in plot studies. 

The physical and chemical bases of the heterogeneity of soil have been 
studied to some extent. The investigations have been conducted in a 
similar naanner as those previously mentioned. Actual measurement of 
the factors concerned must be made over the field and the heterogeneity 
coefiSLcient applied. Moisture content per foot has been investigated at 
the San Antonio Experimental Farm. The coefficients computed deter- 
mme the correlations between the percentages of water content of asso- 
oi^ied plots (see Table DC). 
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Table IX. —Correlation Coeppicibntr for Water Content of the Soil op 

Associated Plots 


Depth 

j Correlation 

First foot. 

Second foot. 

Third foot. 

0.317 ± 0 065 

0.529 ± 0.052 

0 542 ± 0 051 

Fourth foot. 

Fifth foot. 

0 704 ± 0.036 

0 607 ± 0.045 

0 484 + 0 055 

Sixth foot. 



It will be noted that there is marked and statistically significant 
heterogeneity in soil moisture content at six different levels in the upper 
6 feet of soil. 

Likewise, coefficients of heterogeneity for carbon and nitrogen con¬ 
tent were studied in a silty clay loam at Davis and a blow sand at Oakley, 
Calif. Eighty samples, distributed at 30-foot intervals, were used. The 
results for the silty clay loam at Davis were: 

For carbon, r = 0.417 ± 0.063 
For nitrogen, r = 0.498 ± 0.057 

For the blow sand at Oakley: 

For carbon, r = 0.317 ± 0.068 
For nitrogen, r = 0.230 ± 0.072 

These and other studies have proved the practical universality of 
soil heterogeneity. One of the concluding statements made by Harris 
sums up the present status: 

The demonstration that the fields upon which plot tests have been carried out 
in the past are practically without exception so heterogeneous as to influence pro¬ 
foundly the yields of the plots emphasizes the necessity for greater care in 
agronomic technic and more extensive use of the statistical method in the analysis 
of the data of plot trials if they are to be of value in the solution of agricultural 
problems. 

Before presenting some of the methods now available for partially 
overcoming the harmful effects of soil heterogeneity, the biometrical 
methods which have been used to express the extent of soil heterogeneity 
will be outlined. 

Harris’ Method of Estimating Soil Heterogeneity. —^By Harris^ 
method, the coeflflcient of correlation is used as an index of soil uniformity. 
This statistical constant measures the degree of correlation between 
contiguous plots grouped in a certain way. If the variation in yield from 
plot to plot is simply due to random sampling, there will be no corre¬ 
spondence between contiguously grouped units. On the other hand, if 
the field is ^‘patchy/’ certain contiguous units tend to yield high while 
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others show a tendency in the opposite direction. Under these conditions 
a high correlation coefficient results. If variability due to random sam¬ 
pling only is entering, the correspondence between some contiguous plots 
will be counterbalanced by the lack of correspondence between others, 
providing that the number of ultimate units is sufficiently large to permit 
an expression of the law of average. It is obvious that in the application 
of Harris^ method the field must receive the same treatment (seed, culti¬ 
vation, fertilizer, etc.). The division of the field into the desired units 
may be made at any time before the crop is harvested, but preferably 
before or soon after planting in order to minimize possible injury to the 
growing crop. 

A simple illustration will make the calculation of the correlation coeffi¬ 
cient clear, although a much larger number of units should be used in an 
actual study of the reliability of a field for plot work. Suppose a certain 
field is divided into 16 units and these units are in turn arranged in 4 
groups. Let pi, Ps etc. represent the ultimate units and Cpi, C\> 2 , 
etc., represent the groups. By assigning values for yield in bushels per 
acre to the ultimate units, one may make the calculation necessary to 
apply the formula. The value of any particular group is the sum of 
the ultimate units in it. 

Diagram Illustrating Harris’ Method 


p = Average yield of all ultimate units =* 4 

n = Number of units in each group = 4 

m — Number of groups = 4 

<S'(p^) = Sum of squares of the yields assigned 

for ultimate units = 280 

S(Cp^) = Sum of squares of the group yields = 1,080 
(Tp = Standard deviation of assigned yield 

for the ultimate units = \/lT5 = 1.2247 

•Tp^ = ( 1 . 2247)2 = 1.4999 


The numbers enclosed in parentheses represent assumed values (bushels per acre). 
Now according to the formula 

I [S(Cp^) - S(pWm[n(n - 1)] 1 - p^ 

rpip2 =-- 2 - -- ” 

(Tp 

Where is the constant sought, S is indicative of summation, Cp the 
calculated values for the groups, pi, p^, etc. the assigned values for the 
ultimate units, m the number of groups, n the number of units in each 
group, p the average value of all the ultimate units and crp their standard 
deviation; by substituting the given values, the coefficient of correlation 
may be derived. 


(2) 

Pi 

C 

(2) 

P2 

Pi 

(4) (0) 

7^3 Pi 

('Vi 

(3) 

(3) 

(6) (4) 

P6 

P6 

P7 P8 

(3) 

(3) 

(5) (5) 

pfl 

Pio 

Pu Pli 

r 

Ps 

Cpi 

(3) 

(5) 

(4) (4) 

Pu 

Pu 

Pu Pio 




60 


BREEDING CROP PLANTS 


I pip2 


_ {[1,080 - 280] 4[4(4 - 1)]| - 4* 


16.6667 - 
’’*’*”* 1.4999 


1.2247* 
16 _ 0.6667 
1.4999 


= 0.444 ± 0.135‘ 


The magnitude of the coefficient obtained may be influenced by the 
size of the ultimate and group units, the nature of the character measured, 
and the variety or strain grown. 

In the illustrative diagram the plots are arranged in fours in what 
Harris refers to as a 2-by-2 fold manner. In making a computation of 
this nature, the data are arranged first in a table consisting of horizontal 
and vertical rows. The horizontal rows are referred to first. A grouping, 
therefore, of two horizontal and one vertical row would be a 2-by-l fold. 

In a study conducted in West Virginia, yields of oat hay and of 
wheat grain obtained from 270 plots were used. The area of each plot 
was 68 by 21 feet and in the case of wheat the plot yields were based upon 
five rod-row samples. Several methods of computation were used. 
In addition to the method outlined by Harris, in which computations 
were based upon a 2-by-2 fold and a 2-by-3 fold grouping, correlations were 
determined for adjacent plots in the ordinary manner. In one case the 
yields of plot 1 were correlated with 2, 2 with 3, 3 with 4, etc., where the 
pairs were adjacent. In the second method each plot was used only 
once as 1 with 2, 3 with 4, etc. The results were presented as ^^all con¬ 
tiguous plotsand paired contiguous plots,^^ respectively. The corre¬ 
lations for oat hay and for wheat grain are given in the following tables: 
Table X.— Corkelations for Soil Heterogeneity Based upon the Yields op 

Oat Hay 


Method of calculation 

n 

r 

Harris, 2-by-2 fold. 

260 

+0.631 ± 0.025 

Harris, 2-by-3 fold. 

258 

0.642 ± 0.030 
0.668 ± 0.024 
0.694 ± 0.031 

Ordinary '‘all contiguous plots.. 


Ordinary “all paired plots”. 

130 



Table XI.— Correlations for Soil Heterogeneity Based upon the Yields 

OP Wheat Grain 


Method of calculation 

n 

T 

Harris, 2-by-2 fold. 

260 

0.565 ± 0.028 
0.516 ± 0.031 
0.653 ± 0.030 
0.617 ± 0.037 

Harris^ 2-by-3 fold. 

268 

Ordinary '‘all contiguous plots”. 

250 

(Ordinary '‘all paired plots”... 

130 



1P. E. coefficient of correlation 


±0.6745(1 - r*) ^ 
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It is apparent that in these cases there is little difference in the size of 
the correlation coefScients whether Harris’ method or either of the 
others are used. 

The methods outlined are useful where it is desirable to determine 
the relative heterogeneity of several fields. In applying the tests as 
outlined, it is necessary to crop the field to a single variety. 

Estimating Soil Heterogeneity while Conducting Strain Trials.— 
In case it is desired to compare the heterogeneity of two or more fields 
and, at the same time, conduct strain yield trials, it is necessary to sow 
the fields to be compared with the same sort of crop. For example, if 
a comparison of oat sdelds is to be made, it is desirable to include check 
plots of the same standard sort in both fields at the same distances apart 
and at regular intervals. The relative heterogeneity of the two fields 
may be determined by the use of yields obtained from the check plots 
and by computations of the coefficients of variability. The field in which 
the coefficient of variability proves to be the largest is considered the least 
desirable. 

By a slight modification of the plan it is possible to compare the 
heterogeneity of two fields by means of correlation coefficients providing 
each field is planted in the same order and to the same strains. Four 
systematically distributed plots are used, as a rule, in the rod-row trials 
conducted at University Farm. The strains are repeated in the same 
order in each replication. To obtain the heterogeneity coefficient the 
average yield of each strain in the trial was considered as 100. The 
yielding ability of each plot was obtained by dividing its actual yield by 
the average yield of all four replicates and expressing the result in per¬ 
centage. By the ordinary method, the correlations in yielding ability of 
adjacent plots or of plots at any distance apart were determined. Harris’ 
method could likewise have been used. 

The order of planting, the original yields and the calculated percentage 
yields of spring wheat for rod-row trials conducted at University Farm in 
1925 are presented in the following table: 
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Table XII. —Yields or Eod-row Trials of Spring Wheat in 1925 and Per- 

TENTAGE YlELDS ON THE BaSIS OF 100 PeR CeNT AS THE AVERAGE YiELD OF 

Each Variety ‘ 


Variety 

N. 8. N, 

Replications, yields in busliels 

Replications, yields in 
percentage 

First 

Sec¬ 

ond 

Third 

Fourth 

Aver¬ 

age 

First 

Sec¬ 

ond 

Third 

Fourth 

Marquis . 

Check 

37.8 

24.8 

33.2 

39.0 

33.7 

106 

70 

94 

110 

Marquis X Kanred.. , 

B2-5 

37.7 

40.0 

39.0 

39.3 

39.0 

97 

103 

100 

101 

Marquis X Kanred. . . 

Bd-11 

42.0 

33.3 

34.5 

30.8 

35.2 

119 

95 

98 

88 

Marquis X Kanred. . . 

B9-n 

39.3 

47.0 

37.6 

38.4 

40.6 

97 

116 

93 

95 

Marquis X Kanred. . . 

B9-14 

27.2 

32.4 

37.4 

31.1 

32.0 

85 

101 

117 

97 

Marquis X Kanred... 

11-17-2 

35.8 

32.5 

30.6 

42.2 

35.3 

101 

92 

87 

120 

Marquis. 

Check 

37.1 

38.7« 

35.4 

32.9 

36.0 

105 

109 » 

100 

93 

Marquis X Kanred. . . 

II-17-3 

32.9 

37.5' 

31.5 

39.0 

35.2 

93 

107 

89 

111 

Marquis X Kanred... 

II-17-4 

37.8 

33.9 

33.4p 

36.0 

35.3 

107 

96 

95r 

102 

Marquis X Kanred. .. 

11-17-14 

42.7 

33.7 

34.9« 

42.1 

38.4 

111 

88 

91« 

no 

Marquis X Kanred. .. 

11-17-16 

46.1 

38.6 

35.2 

37.8 

39.4 

117 

98 

89 

96 

Marquis X Kanred... 

11-17-22 

41.0« 

35.0 

30.8 

38.9 

36.4 

US'* 

96 

85 

107 

Marquis . 

Check 

37.6<- 

35.0 

33.4 

32.3 

34.6 

loe'* 

99 

94 

91 

Marquis X Kanred... 

11-17-23 

34.3 

40.5 

34.9 

37.9 

36.9 

93 

110 

95 

103 

Marquis X Kanred. .. 

11-17-25 

30.5 

36.5 

32.7 

37.7* 

34.4 

89 

106 

95 

no* 

Marquis X Kanred. . . 

11-17-28 

29.1 

39.0 

30.9 

43.4* 

35.6 

82 

110 

87 

122* 

Marquis X Kanred. . . 

11-17-36 

33.8 

35.3 

36.5 

47.8 

38.4 

88 

92 

95 

125 

Marquis X Kanred... 

n-17-37 

32.1 

38.6 

35,5 

47.7 

38.5 

83 

100 

92 

124 

Marquis . 

Check 

30.4 

34.7 

36.9 

37.4 

34.9 

86 

98 

104 

105 

Marquis X Kanred. . 

11-17-40 

38.2 

44 1 

38.0 

41.4 

40.4 

95 

109 

94 

102 

Marquis X Kanred. 

11-17-43 

39 2 

34.5 

39.2 

42.9 

39.0 

101 

88 

101 

no 

Marquis X Kanred. 

11-17-45 

35.2 

34.9 

36.8 

43.6 

37.6 

94 

93 

98 

116 

Marquis X Kanred. 

n-18-8 

40 3 

43 2 

37.0 

44.3 

41 2 

98 

105 

90 

108 

Marquis X Kanred. . 

11-18-15 

29.9 

32.6 

33.1 

44.5 

35.0 

85 

93 

95 

127 

Marquis. 

Check 

40.9 

34.5 

36.0 

47.0 

39.6 

115 

97 

101 

132 

Marquis X Kanred. . 

11-18-44 

31.7 

39 3/ 

38.6 

46.4 

39 0 

81 

101/ 

99 

119 

Marquis X Kanred.. . 

11-18-46 

37.6 

37.2fc 

40.8 

45.6 

40.3 

93 

92* 

101 

113 

Marquis X Kanred. .. 

11-18-47 

33.8 

36.5 

34.8 

41.8 

36.7 

92 

99 

95 

114 

Marquis X Kanred. . . 

11-18-48 

37.8 

32.7 

36.3’- 

34.1 

35.2 

107 

93 

lOSr 

97 

Marquis X Kanred... 

11-18-49 

37.6 

30.7 

44.(K 

36.9 

1 37.3 

101 

82 

llSr 

99 

Marquis. 

Check 

38.9 

30.3 

42.7 

33.4 

36.3 

110 

85 

120 

94 

Marquis X Kanred... 

TI-18-50 

40.7* 

29.8 

32.5 

29.6 

33.2 

123‘> 

90 

98 

89 

Marquis X Kanred, .. 

11-18-51 

44.8*^ 

32.7 

34.6 

38.9 

37.8 

119'> 

87 

92 

103 

Kota Natural Cross... 

n-19-2 

37.1 

35.0 

37.6 

33.6 

35.8 

104 

98 

105 

94 

Kota Natural Cross... 

11-18-16 

31.0 

34.4 

35.0 

34,81' 

33.8 

92 

102 

104 

103» 

Kota Natural Cross... 

11-18-17 

36.5 

38.9 

37.5 

40.9* 

38.5 

95 

101 

97 

106* 

Marquis. 

Check 

33.6 

27.0 

34.9 

35.9 

32.9 

95 

76 

98 

101 

Kota Natural Cross... 

n-18-19 

29,3 

30.4 

39.1 

30.9 

32.4 

90 

94 

121 

95 

Kota Natural Cross... 

11-18-20 

36.2 

41.2 

42.0 

30.8 

37.6 

96 

110 

112 

82 

Kota Natural Cross .. 

11-18-21 

39.6 

33.0 

35.1 

28.4 

34.0 

116 

97 

103 

84 

Kota Natural Cross. . 

11-18-28 

40.5 

35.5 

42.1 

33.3 

37.9 

107 

94 

111 

88 

Kota Natural Cross. . 

n-18-31 

37.5 

37.3 

36.1 

32.4 

35.8 

105 

104 

101 

91 

Marquis. 

Check 

39.4 

34.2 

36.7 

28 3 

34.7 

111 

96 

103 

80 

Kota Natural Cross. . 

11-18-33 

36.8 

35.2 

33.6 

32.5 

34.5 

107 

102 

97 

94 

Kota Natural Cross... 

11-18-37 

29.0 

29.6 

27.1 

32.0 

20.4 

99 

101 

92 

109 

Kota Natural Cross . 

11-18-56 

44.2 

41.0^ 

33.9 

37.6 

39.2 

113 

106* 

86 

96 

Kota X Ruby. 

11-19-23 

25.8 

33.7* 

32.5 

33.3 

31.3 

82 

108* 

104 

106 

Kota X Ruby. 

11-19-26 

35.9 

37.4 

33.2- 

32.6 

34.8 

103 

107 

95* 

94 

Marquis. 

Check 

42.2 

34.2 

37.6* 

40.0 

38.6 

119 

96 

106* 

113 

Kota X Ruby. 

11-19-42 

35.6 

29.7 

36.2 

36.0 

34.4 

103 

86 

105 

105 

Kota X Ruby. 

n-19-43 

33.4 

31.5 

34.9 

27.9 

31.9 

105 

09 

109 

87 

Kota X Ruby. 

11-19-44 

se.i** 

33.2 

29.1 

32.8 

32.8 

llOd 

101 

80 

100 

Kota X Ruby. 

11-19-48 

34.4« 

32.6 

33.4 

38.3 

34.7 

99* 

04 

96 

no 

Kota X Ruby. 

11-19-49 

36.5 

34.4 

33.2 ' 

38.0 

35,5 

103 

97 

94 

107 

Marquis. 

Check 

29.9 

33.5 

32.1 

33.6«« 

32.3 

84 

94 

90 

94«« 

Kota X Ruby. 

11-19-54 

27.1 

34.5 

32.1 

38.3«« 

33.0 

82 

105 

97 

116- 

Kota X Ruby... 

IM9-55 

27.8 

32.5 

31.4 

44.5 

34.1 

82 

95 

92 

130 

Kota X Ruby. 

11-19-34 

35.4 

32.7 

32.2 ' 

39.2 

34.9 

101 

94 

92 

112 

Kota X Ruby. 

11-19-39 

30.8 

34.9 

33.2 

42.5 

85.4 

87 

99 

94 

120 

Kota X Ruby. 

If-19-40 

38.5 

32.8 

29.2 

41.3 

35.0 

104 

94 

S3 

US 
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Table XII.— {Continued) 


Variety 

N. S. N. 

Replications, yields in bushels 

Replications, yields in 
percentage 

First 

Sec¬ 

ond 

Third 

Fourth 

Aver¬ 

age 

First 

Sec¬ 

ond 

Third 

Fourth 

Marquis. 

Check 

35.9 

31.1 

39.1 

35.1 

35.3 

101 

88 

no 

99 

Marquis X Kota.. . . 

II-19-9 

41.1 

35.0 

33.4 

37.7 

36.8 

112 

95 

91 

102 

Marquis X Kota . . 

II-19-n 

34.1 

35.8 

36.4 

36.9 

35.8 

95 

100 

102 

103 

Marquis X Kota.. . . 

11-19-45 

25.3 

27.7 

40.9 

32.7 

31.7 

80 

87 

129 

103 

Marquis X Kota. . . 

11-19-46 

42.4 

37.3 

44.9 

39.2 

41.0 

103 

91 

no 

96 

Marquis X Kota.. . 

11-19-47 

36.2 

32 3« 

37.0 

38.4 

36.0 

101 

90-* 

103 

107 

Marquis. 

Cheek 

32.7 

33.0" 

43.6 

36.8 

36.5 

92 

93" 

123 

104 

Marquis X Kota. . 

11-19-51 

39.3 

37.9 

35.2 

37.8 

37.6 

105 

101 

94 

101 

Marquis X Kota . 

11-19-53 

37.7 

36 1 

32.5 

39.4 

36.4 

104 

99 

89 

108 

Marquis X Kota . . . 

n-19-57 

37 0 

89 3 

44.8« 

36.9 

39.5 

94 

99 

113“ 

93 

Marquis X lumillo. . 

ir-15-43 

29.9 

27.1 

44.9« 

34.1 

34.0 

88 

80 

132« 

100 

Marquis X lumiilo. . 

11-15-44 

37 1/ 

27.7 

42 0 

35.6 

35.6 

104/ 

78 

118 

100 

Marquis. . 

Check 

46 8/ 

32.1 

41.1 

37.2 

39.3 

132/ 

90 

116 

105 

Marquis X Tuniillo. . . 

II-1.5-I1 

35.9 

31.7 

32.9 

27 9 

32.1 

112 

99 

102 

87 

Marquis X Preston 

11-15-8 

38.5 

36.8 

45.4 

38.9 

39.9 

96 

92 

114 

97 

Marquis X Preston . . 

I r-15-13 

36.1 

34.7 

40.1 

37.2«' 

37.0 

98 

94 

108 

101^ 

Marquis X Preston 

11-15-16 

37.6 

31.0 

35.3 

45.2'-^ 

37.3 

101 

83 

95 

121- 

Marquis X Preston . . 

IM5-24 

41.1 

40.4 

43.1 

34.4 

39.8 

103 

102 

108 

86 

Marquis. 

Check 

34.3 

38.2 

43.7 

33 4 

37.4 

97 

108 

123 

94 

Marquis X Bluestcm. 

11-15-39 

38.9 

39.1 

38.7 

28.0 

36.2 

107 

108 

107 

77 

Marquis X Bluestcm.. 

n-15-41 

40.9 

36.0 

41.4 

31.6 

37.5 

109 

96 

no 

84 

Marquis X Kota. . . . 

N.D. 1656 

39.9 

40.2 

41.2 

36.5 

39.5 

101 

102 

104 

92 

Ceres. 

N.D. 1658 

39.8 

41.9 

38.5 

30.7 

37.7 

106 

111 

102 

81 

Kota (Amy’s). 

Bulk 

39.0 

37.4 

40.3 

28.5 

36.3 

107 

103 

111 

79 

Marquis. 

Cheek 

34.6 

30.1 

28.5 

32 4 

31.4 

97 

85 

80 

91 

Mindum. 

1-00-52 

39.7 

43 2® 

39.7 

32.3 

38.7 

103 

112® 

103 

83 

Pentad. 

111-17 

28.2 

40 7« 

31 1 

30.2 

32.6 

87 

125® 

95 

93 

Parker’s Marquis. 

ni-25 

27.8 

35.6 

35.6 

30 3 

32.3 

86 

no 

no 

94 

Dioklow X Sevier. , . . 

G. 40 

25.2 

20.3 

22 1» 

20.0 

21 9 

115 

93 

101'> 

91 

Dicklow X Sevier. . . 

G. 149 

29.0 

19.8 

30.7"> 

24.6 

26.0 

112 

76 

n8«- 

95 

Marquis . 

Check 

30.3 

35.1 

33.5 

32.7 

34.4 

102 

99 

94 

92 


I In computing the percentage yields of the check plots, the average yield of all checks which was 
35.5 bushels was used. 


a End of series 1. 
b Beginning of aeries 2. 
® Center of series 2. 

End of series 2. 

« Beginning of series 3. 
f Center of series 3. 

< Center of series 4. 

I End of series 4. 


* Beginning of series 5. 

* Center of series 5. 

« End of series 5. 

*» Beginning of scries 6. 
« Center of series 6. 
p End of series 6. 

« Beginning of series 7. 
»■ Center of series 7. 

* End of series 7. 

t Beginning of series 8, 


« Center or scries 8. 

• End of series 8. 

» Beginning of series 9. 

• Center of series 9. 

V End of series 9. 

• Beginning of series 10. 
«« Center of series 10. 

^ End of series 10. 

“ Beginning of series 11. 


A dead furrow marked the center of each series. 


In this problem certain plots which were near the ends or centers 
were not used in the correlation. While the location of plots in each 
series was known approximately, the number of strains in each series 
deviated slightly, so that, for example, it is possible that check plot 
designated by h may have been in series 1 instead of at the beginning of 
series 2. The plots, therefore, at the left and right of the plots desig¬ 
nated as the end, center, and beginning of each series were not used in the 
correlations. There were a few intervening rows between the end of the 
first series and the beginning of the second, therefore, in this study it 
was impossible to correlate varieties of the first series with those of 
the second. 
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The data arranged in the form of a correlation surface and the corre¬ 
lation coefficient for plots separated by four intervening plots are presented 
in Table XIII. The method of entering results in the correlation table 
for plots separated by four intervening plots may be illustrated by starting 
at the beginning of the first series of the first replications, and by using 
percentage yields. The following pairs were correlated—106 with 101, 
97 with 105, 119 with 93, 97 with 107, 85 with 111, 89 with 95, etc. 
The calculated coefficient was r = +0.096 ± 0.049, which shows little 
or no soil heterogeneity for plots separated by four intervening plots. 

The correlations obtained in a similar manner for adjacent plots and 
for plots located at less than four plots from each other were between 
0.3 and 0.2, respectively, which indicated a low degree of soil hetero- 


Table XIII.—Correlation in Yielding Ability of Plots Separated by Four 
Intervening Plots in Spring Wheat Rod-row Trials University 

Farm, 1925 

Percentage classes for yielding ability 


75 78 81 84 87 90 93 96 99 102 106 108 111 114 117 120 123 126 129 132 
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0 

93 
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2 


2 

1 
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1 

24 

*3 

96 

1 


1 


4 

2 

2 

1 

6 

6 

4 

1 




26 


99 



1 


3 


4 

3 

2 

3 

2 





18 

1 

102 

1 


1 


6 

3 

1 

4 

3 

1 

1 



1 

1 

22 

« 

106 

1 


2 



2 

2 

3 


1 

1 



1 


13 

I 

108 

1 


1 



2 

1 

3 

1 


1 

3 

1 



14 

•s 

111 



2 

1 

1 

1 

1 
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13 

§ 

114 
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1 






4 

1 

117 
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S3 
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1 
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132 
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1 



1 1 6 

T" 

T" 


ir 

To" 

16 

32 

16 

17 

16 

6 

1 4 

2 1 

1 1 

180 


r « 0.090 ± 0 049 


geneity. In 1924, however, the extent of heterogeneity was much greater 
for the spring-wheat and oats plots than in 1926, the studies being con¬ 
ducted in near-by fields for 1924 and 1925. The fields are set aside for 
nursery trials and are under a systematic rotation. The winter-wheat 
trials are conducted in a different field. Correlation coefficients, which 
express the extent of heterogeneity for 1924, a.re given in the followii^ 
table: 
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Table XIV. —Correlation of Percentage Yielding Ability in Near-by Plots 
OF Oats, Winter Wheat, and Spring Wheat, 1924 


Crop 


Correlation of 


Correlation coefficient 


Oat rod rows 


Spring-wheat rod rows 


Winter-wheat rod rows . 


Adjacent plots 
Separated by one 
Separated by two 
Separated by three 
Separated by four 
Separated by ten 
Adjacent plots 
Separated by one 
Separated by two 
Separated by three 
Separated by four 
Separated by ten 
I Adjacent rows 
i Separated by one 

[ Separated by four 


0.572 ± 0.025 
0.490 ± 0.029 
0.407 ± 0.034 
0.412 ± 0.035 
0.264 ± 0.041 
0.275 ± 0.057 
0.618 ± 0.023 
0.518 ± 0.028 
0.454 ± 0.030 
0.383 ± 0.034 
0.449 ± 0.034 
0.429 ± 0.060 
0.552 ± 0.068 
0.293 ± 0.028 
-0.114 ± 0.118 


The tests with spring and winter wheat and oats were conducted on 
different fields, as has been mentioned. With winter wheat the soil 
heterogeneity appeared to be expressed only in near-by plots. With 
spring wheat and oats considerable heterogeneity was present in plots 
which were at some distance from each other. In other words there 
was considerable systematic variation across the field. By placing the 
same strain tests on separate fields and by the method outlined the rela¬ 
tive heterogeneity of the two areas could be determined and at the same 
time yield trials could be conducted. 

Use of Check Plots in Correcting Yields.—^Aside from their use to 
indicate soil variation, check plots have often been used to make direct 
corrections for yield. Table XV, taken from Wood and Stratton (1910), 
illustrates a simple use of checks for the purpose of correcting yields where 
there is a tendency to vary in one direction across a field. 

In the second column of Table XV the actual yields are given of 25 
contiguous 3^ 8-acre plots across a field. The figures show a more or 
less gradual decrease, reading from top to bottom. 

There is a difference of 500 pounds between the average yield of the 
first five plots and the average yield of the last five plots, or an average 
difference from plot to plot of 25 pounds. This correction is applied by 
adding to those on one side and subtracting from those on the other side 
of the centrally located plot. The amount added or subtracted depends 
on the distance from the center, i.e., a progressive difference of 25 pounds 
for each plot in either direction from the central one. The corrected 
yields are found in the last column of the table. Note that the probable 
error is 3 per cent leas in the corrected than in the uncorrected yields. 
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Table XV.—Direct Correction for Yield Where Variation is in One Direc¬ 
tion ACROSS A Field 



Yield of a-cre 

plots, pounds 

Correction, 

pounds 

Corrected 
yields, pounds 



2,-537 

-12 X 25 

2,237 



2,515 

-11 X 25 

2,240 

Mean 2,640. 


2,866 

-10 X 25 

2,616 



2,648 

- 9 X 25 

2,423 



2,636 

- 8 X 25 

2,436 


2,581 

- 7 X 25 

2,406 


2,814 

- 6 X 25 

2,664 


2,944 

- 5 X 25 

2,819 

Difference 

2,748 

- 4 X 25 

2,648 

between niean.s 

2,598 

- 3 X 25 

2,518 

500 pounds 

2,567 

- 2 X 25 

2,517 


2,357 

- 1 X 25 

2,332 


2,415 

0 X 25 

2,415 

Correction 

2,424 

-f 1 X 25 

2,449 

from plot to 

2,423 

-f 2 X 25 

2,473 

plot ®® 9'2 0 

2,399 

+ 3 X 25 

2,474 

= 25 pounds 

2,272 

•f 4 X 25 

2,372 


2,374 

-h 5 X 25 

2,499 


2,123 

+ 6 X 25 

2,273 


2,273 

+ 7 X 25 

2,448 



2,117 

+ 8 X 25 

2,317 



2,001 

-f 9 X 25 

2,226 

Mean 2, 140. 


2,115 

-flO X 25 

2,365 



2,246 

+ 11 X 25 

2,521 



2,222 

+ 12 X 25 

2,522 


P. E. 

± 7 per cent 


P. E. ± 4 per cent 


The method outlined above may be used only where there is a 
comparatively large number of similarly treated plots and where the 
increase or decrease in yield across a field is fairly consistent. If 
check plots are grown every third to fifth plot as they frequently are, a 
direct correction for yield is sometimes made as follows: 


Diagram Illcstratinq Distribution of Checks 


1 

1 

2 

3 

m 

1 

4 

5 

6 


Suppose every fourth plot is a check. The productivity of each inter¬ 
vening plot is estimated on the basis of the yields of the two nearest 
checks. For instance, the true productivity of plot one is assumed to 
equal ^Ci + MC*; for plot two equals )^Ci + }4Ct; and for plot 
three equals + HOt; etc. The yielding value of plot six in 
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terms of the yield of check plots could be calculated by dividing the sum 
of one-fourth the yield of and three-fourths the yield of C 3 by the 
average yield of all checks and expressing the relationship in percentage. 
The corrected yield of plot six would be obtained by dividing the actual 
yield by the computed percentage yield. This method assumes perfect 
correlation between the yielding value of near-by plots which probably 
very seldom is obtained in actual practice. This method and any other 
methods as yet devised for correcting yields assumes that all varieties 
respond in the same relative manner to various environmental 
influences which, in some cases, is not a sound conclusion from a 
biological standpoint. 

Several other formulae have been used to calculate the normal yields 
or {N) of plots adjacent to a particular check. In these formulae, C = 
average yield of all checks, Ci, C 2 , etc. equal the yield of particular check 
plots. In formulae (1) and (3), as given, the check plots were arranged 
every third plo<^ The formulae may be modified in relation to the dis¬ 
tance between the check plots. 

Some of the formulae tried are: 


ViiC + + }4C^) = N 

( 1 ) 

yziC + Cr) or J^(C + Cd = N 

( 2 ) 

K biC + p,iHy + HC,)] = N 

(3) 


where pi and P 2 are equal to 1 the numerical values and 3, respectively. 

Each of the above formulae corrects on the basis of partial relation¬ 
ship or partial correlation between near-by plots. This is evident as in 
each case the average yield of all checks is used together with the yield 
of near-by checks to obtain an idea of normal yielding ability of the plot 
in question. The use of the above formulae as the means of adjusting 
yields were compared by Stockberger (1916) for yield of hops and by 
Batchelor and Reed (1918) for yields of 10-tree navel orange plots with 
the method of direct correction based upon the yields of near-by checks. 
Each of the three methods of correction gave lower average deviation 
values than the direct method of correction based upon near-by checks. 

Richey (1924) devised a method of planting by which each of ten 
strains in the comparison was used as a check in some one of the ten 
replications. The heterogeneity coefficient was computed and adjust¬ 
ment of the yields of neax-by plots made upon the basis of a moving aver¬ 
age and the regression equation. A somewhat similar method has been 
tried in rod-row trials. This method can be illustrated by the studies of 
heterogeneity reported in Table XIV, After computing the correlation 
coefficients which express the degree of heterogeneity, the regression 
equations were calculated by means of which any particular value of Y 
can be computed for any value of X, The means, standard deviations, 
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and regression equations for plots located adjacent to each other and 
separated by one to four intervening plots are given in the following table: 

Table XVI.—Means, Standakd Deviations, and Regression Eoitations 
Obtained from the Correlation Studies op the Yielding 
Ability of Spring Wheat Rod Rows 
University Farm, 1924 


Based on correlation of 

Means 

Standard 

deviations 

Regression equations 

X 

1 

a 


m 

Adjacent plots. 

99.74 

99.74 

13.90 

13.95 

Y 

« 37.85 + 0.6205X 

kSeparated by one. 

99.76 

99.77 

14 02 

14 05 

Y 

« 47.99 -f 0.5191X 

Separated bv two. 

99.74 

99.90 

14.16 

14.18 

Y 

= 54.56 -f 0.4546X 

Separated by three. 

99.75 

99.93 

14.32 

14.48 

Y 

= 61.30 + 0.3873X 

Separated by four . 

99.84 

100.00 

14.40 

13.95 

Y 

= 56.72 + 0.4350X 


In the spring-wheat and oats studies, check plots of standard varieties 
were distributed through the test such that every sixth plot was a check. 
The yields of each plot of near-by varieties were adjusted by means of 
the regression values. The method used is illustrated for several plots 
in the wheat series. 


Plot No. 

Actual yield 

Percentage yield 

Check a 

25.1 

93 

8 

27.5 


9 

20.3 


10 

28.3 


11 

24.2 


12 

25.7 


Check b 

32.2 

120 


The yielding ability of each check plot was expressed in percentage by 
dividing its actual yield by the average of all check plots. By this 
method the yielding ability of Check a was 93 and of b 120. 

If y equals percentage yield of near-by plot and x equals percentage 
yield of the check, then the corrected percentage yielding values for plot 
8 would be 

1. y = 37.85 -f- 0.6205 X = 95.56 

2. F = 56.72 + 0.4350 » 108.92 

A value of 102 was obtained by adding 1 and 2 and averaging. The 
corrected yield for plot 8 in bushels would then be obtained by dividing 
the actual yield, 27.5 bushds, by 102. In this way the yidd of each plot 
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of each variety was adjusted by the yield of the two nearest check plots 
on the basis of the average relationship as expressed by the calculated 
regression equations. 

After obtaining a corrected yield for each plot of all varieties, except 
the check plots, a probable error in percentage was calculated by the 
deviation from the mean method. These probable errors were then 
compared with probable errors obtained before adjustment. The results 
are presented in the following table. 


Table XVII. —Probable Error for a Single Plot Test before Adjustment of 
Yields and after Correcting Yields on the Basis of the Regression 
Values and in Relation to the Two Nearest Check Plots 


Crop 

Probable error in percentage 

Actual yield 

After correction 

Spring wheat. 

Oats. 1 

9.9 

6.7 

8.0 

5.8 



The actual percentage probable errors are reduced by adjustment to 
a moving average by approximately 19 and 13 per cent, respectively, 
which is slightly more than expected on the basis of the standard errors 
of estimate for the correlation coefficients obtained. It seems very doubt¬ 
ful whether the reduction in probable error is worth the trouble of making 
the calculations. 

Some Difficulties of Field Trials.—From the previous discussion, 
it is apparent that there are many difficulties in making accurate field 
trials. There are numerous reasons for this. When large numbers of 
strains must be compared, each strain must be grown in small plots. 
The difficulties of planting, harvesting, and threshing the crops on small 
plots and of obtaining yields indicative of the probable yielding ability, 
when planted under farm conditions, are rather great. The rod-row 
method for small grains, which will be presented in some detail later, 
appears fairly satisfactory for these crops. Even here there is not 
complete uniformity of opinion as to rate and methods of planting and 
other details of handling. It is probable that, under different environ¬ 
mental conditions, it will be found necessary to modify the general 
methods used. The better methods of work must be learned, therefore, 
for each separate locality. General principles can be laid down, however, 
for such important questions as shape and size of plot and the number 
of replications to be used, and, likewise, for competition between near-by 
varieties. 

RapBcatton and Its Value* —It has been found that systematic repeti¬ 
tion of the plots reduces the probable error and, hence, increases the 
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signiiScance of the results. The number of replications necessary in 
order to make reliable comparisons is somewhat dependent on the kind 
of crop but to a greater extent on soil heterogeneity. If it were desired 
to establish a significant difference of as little as 2 bushels between varie¬ 
ties, more replications would be needed than if a significant difference 
of 4 bushels was accepted as satisfactory. Several investigations have 
been reported which for the particular condition of the experiment show 
the number of replications desirable. 

Mercer and Hall (1911), of England recommend the use of five system¬ 
atically distributed plots of 34o ^cre each. Montgomery (1913), in 
his work at Nebraska, found that 16-foot rows gave best results when 
repeated from 10 to 20 times. At the Cornell Experiment Station, 
when a careful yield test is desired, each strain is grown in 10 distributed 
rod 1 ‘ows. 

In the plant-breeding nurseries of the Minnesota and West Virginia 
Experiment Stations, the practice is followed of growing each strain 
in a plot consisting of three rod rows. The plots are replicated three 
times, making four plots in all. The central rows only are harvested. 
Table XVIII, taken from Hayes and Arny (1917), shows the effect of 
replication based on the yield of the central rows of the wheat checks 
grown in 1916. 


Table XVIII.— Value of Replication Based on 72 Central Rows of 3-row 
Plots of Turkey Winter \\ heat (Minn 529) Grown in the Plant-bheedin(, 

Nursery 


Number of r(*pli< at ions 

Number of 
variables 

Mean ^ leld 
per aere 

Standard 

deviation 

None 

72 

27 5 ± 0 4 

4 65 ± 0 26 

One (average of two plots) 

30 

27 0 ± 0 3 

2 98 ± 0 24 

Two (average of three plots) 

24 

27 4 ± 0 3 

2.51 ± 0 24 

Three (average of four plots) 

18 

27 6 ± 0 2 

1.49 ± 0 17 

Five (average of six plots) 

12 

27 3 ± 0 4 

2.01 ± 0 28 

Eleven (average of twelve plots) 

0 

27 3 ± 0 3 

1 21 ± 0 24 


While the standard deviations do not decrease according to theoretical 
expectation, they do show a marked decrease up to and including three 
replications. In general, beyond this point it is questionable whether 
the relatively small gain in accuracy warrants the additional work. 
Other results obtained at the Minnesota Station indicate that idots of 
three rod rows each or 3 ^ 40 -acre plots sown with the ordinary grain drill, 
give about as accurate a comparison for yield when replicated three times 
as when replicated eight times. 
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The illustration of the value of replications in which yields of 
check plots and the same amount of land used for the study of the value 
of a single-plot test as for several replications, introduces an error which 
is not warranted. It is a matter of common experience that small areas 
of land are more uniform as a jule than larger areas. The larger the 
number of replications, however, the greater the area of land which must 
be available and, consequently, the greater the deviations in productivity. 

Professor A. C. Arny has conducted several studies of field-plot 
technic and kindly furnished yield data for 120 rod rows of Haynes 
Bluestem wheat. The following computations illustrate the value of 
replication. The data on yield, for row 1 to row 120, respectively, are 
given on the basis of bushels per acre and are as follows: 

Yields obtained in rod rows: 

25.0, 22.0, 21.7, 22.0, 18.6, 23.5, 20.3, 19.9, 24.9, 22.9, 22.9, 25.0, 

24.9, 25.0, 20.7, 24.5, 26.3, 25.2, 25.6, 23.1, 28.5, 27.0, 26.6, 25.9, 

29.4, 24.4, 23.1, 30.7, 25.7, 21.9, 23.2, 23.2, 21.5, 25.6, 24.4, 28.2, 

28.7, 26.8, 25.2, 29.6, 25.4, 26.5, 24.4, 24.1, 29.2, 24.3, 28.9, 25.5, 

28.0, 23.7, 26.4, 27.8, 23.8, 23.7, 28.3, 28.8, 21.0, 23.8, 24.8, 22.8, 

27.0, 23.8, 24.6, 31.7, 28.0, 28.1, 24.5, 26.7, 31.6, 23.7, 25.0, 33.0, 

28.9, 27.5, 25.2, 27.9, 28.2, 25.4, 25.8, 28.1, 32.0, 29.6, 28.3, 33.7, 

30.9, 27.2, 26.0, 30.0, 22.7, 21.6, 19.3, 24.0, 28.8, 25.2, 26.0, 27.6, 

25.3, 27.4, 25.2, 21.6, 28.3, 25.1, 21.6, 24.6, 25.9, 24.8, 26.9, 25.9, 

24.1, 25.8, 22.1, 26.9, 27.6, 27.6, 27.3, 30.2, 22.4, 23.7, 23.1, 26.5. 

For the purpose of studying the value of replication the variability 
of yields was computed separately on the basis of 20 determinations and 
for one, two, four, and six systematically distributed plots. 

The coefficients of variability are compared in the following table with 
the mathematical expectation: 


Table XIX.— The Value of Replication in Rod-row Trials as a Means of 
Reducing the Degree of Variability 


Number of 
determinations 

Number of 
systematically 
distributed plots 

C, V. 

Mathematical 

expectation 

20 1 

1 

9.05 

9.05 

20 

2 

6.54 

1 9.05/\/2 = 6.42 

20 

4 

5.61 

1 4.53 

20 

6 

4.44 

3.69 


The calculated coefficient of variability decreases in size as a result 
of replication, although slightly less rapidly than would be indicated by 
mathematical expectation. This is, perhaps, because a greater area of 
land must be used for several replications than can be used for single- 
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plot trials, which on the average brings in soils of greater difference in 
productivity than found in smaller areas. 

An illustration of the value of replication with strawberries has been 
furnished by A. N. Wilcox. In this study )^ 20 “^cre plots were used and 
the computations were based on 20 determinations, the original yields 
of fruit being obtained from 80 single-row plots. As there were four 
separate computations for the use of single plots, a diagram of the field 
is included. 


Diagram of Plots op a Strawberry Field 


1 

41 

2 

42 

etc. 

etc. 

(o) 

(c) 

21 

61 

22 

62 

etc. 

etc. 

(6) 

(d) 


The coefficients of variability are presented in the following table: 


Table XX.— The Value of Replication in Strawberries {After A. N. Wilcox) 


Area of 
field 

Number 
of deter¬ 
minations 

Number of 
systematically 
distributed 
plots 

C. V. 

Average 
C. V. of 
group 

Mathe¬ 

matical 

expecta¬ 

tion 

1 

a 

20 

1 

16.93 ± 1.86 



b 

20 

1 

24.33 ± 2.75 

19.6 

19.6 

c 

20 

1 

14.77 ± 1.60 



d 

20 

1 

22.23 ± 2.49 



a and h 

20 

2 

11.97 ± 1.29 

14.6 

13.9 

c and d 

20 

2 

17.25 ± 1.90 



a, 6, c, and d 

20 

4 

10 92 ± 1.18 

10.9 

9.2 


Replication was found in this case to be a promising means of con¬ 
trolling sou heterogeneity. It does not always control heterogeneity for 
the area of land upon which some of the replications are carried may be 
very different from the renudnder of the field and the larger the area the 
more difficult it is to obtain simUar growth conditions. By carrying 
check plots at frequent intervals and by studying the two varieties on the 
basis of the probable error of the diff^nces (essentially the same thing 
as uedng the correlation coefilcient in the correct formula fdr probable 
error of a difference) when similm* {dots are paired, it is poasiUe to oontrcU 
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soil heterogeneity by replication and practically to reduce the error of 
the test to a point, limited only by expense and available land. 

The manner of making replications is another factor to be considered. 
If the experimental plots are all planted in a single series, then replica¬ 
tion becomes a matter of systematic repetition, as is shown by the follow¬ 
ing diagram in which each different letter represents a distinct strain: 


A Method op Replioation 


B\ C\D\E\F\G\H\A\B\C\D\E\F\0\ H \ A\ B\ C 1 />j jE /s’ Gf | H \ A\ B\ C\ D\E\F\G\ H 


As a rule the experimental plots cannot all be placed in the same 
series. It is often necessary to make alterations from a mere systematic 
repetition in order to secure a representative distribution of the strains. 
The two following diagrams illustrate a correct and an incorrect manner of 
replication: 


Correct Manner of Replication 


A 

J 

G 

D 

B 

K 

H 

E 

C 

L 

I 

F 

D 

A 

J 

G 

E 

B 

K 

H 

F 

C 

L 

I 

G 

D 

A 

J 

H 

E 

B 

K 

I 

1 

F 

C 

L 

J 

G 

D 

A 

K 

H 

E 

B 

L 

I 

F 

C 


Incorrect Manner op Replication 


A 

A 

A 

A 

B 

B 

B 

B 

C 

C 

C 

C 

D 

D 

D 

D 

E 

E 

E 

E 

F 

F 

F 

F 

G 

G 

G 

G 

H 

H 

H 

H 

I 

I 

I 

I 

J 

J 

J 

J 

K 

K 

K 

K 

L 

L 

L 

L 


Size of Plot.—The number of replications required to secure a given 
degree of accuracy is somewhat dependent on the area of the plot. 
Mercer and HaU (1911) found that variability is diminished with 
increased size of plot up to Mo ^cre. Plots of larger area do not show 
the same relative reduction in variability. Figure 14 represents graphi¬ 
cally their results with wheat. 
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Montgomery (1913) also finds that increased size of plot, up to a 
certain limit, rapidly decreases variability. In plant-breeding work, 
where very numerous strains are compared, the size of plot is necessarily 
limited by available space and sometimes by amount of seed. Some form 
of row planting is usually followed. These rows are planted, cultivated, 
and harvested by hand and frequently show nearly as low probable errors 
as those obtained from J^^^o-acre field plots. 

In one such study conducted by Prof. A. C. Arny with Haynes, Blue- 
stem wheat the probable error for rod-row trials was 11.30 per cent while 
that for J^o-Q-cre plots was 8.91 per cent. 



Fig. 14.—Actual and theoretical reduction in standard deviation due to increase in size 

of plot. 


Studies in rod-row trials indicate that size of plot is less important 
than replication as a means of controlling variability. The tests reported 
in the following table represent a 2-year average for studies of single- and 
two-row plots: 

Table XXI,— Coefficients of Variability for a Comparison of the Variability 


IN Yields of Single- and op Two-rod Rows 
University Farm 



Num¬ 

ber 

of 

plots 

Coefficient of variability 

Variety 

j Single row 

Two central rows 

Manchuria, No, 105. 

36.5 

15.89 ± 0.94 
14.75 ± 0.74 
19.24 ± 0.94 

16.00 ± 0.93 
12.84 ± 0.65 

Ligowa, No. 281. 

42.5 

Haynes, No. 169. 

35.5 

15.27 ± 0.76 



These studies were obtained from check plots of barley, oats, and 
wheat, respectively, which were spaced every fifth or sixth plot in the 
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experiment. They represent central rows, as border rows were included 
for each plot. 

Similar results were obtained by Stadler 1921 in the following table: 
Table XXII.— Coep'ficientb of Variability of One- and Three-row Plots 




Coefficient of variability 

Check plots of 

NiHTit)er of plots 

One central row 

Throe interior 

rows 

Barley 

21 

24 80 

22 18 

Oats 

20 

24 80 

22 59 

Wheat 

SO 

' 27 68 

1 

25 11 

i 


In a study of plot size with potatoes, conducted by Krantz (1922) at 
Minnesota, a comparison of relative variability for rows of lengths from 
one to six rods was made. As in most experiments, the entire area was 
used which makes the comparison somewhat more favorable for large 
plots than would be obtained in actual practice. It was concluded that a 
row three rods long was more desirable than a single-rod row and was 
about as valuable as a six-rod row. A study of plot size with potatoes 
has also been made at the West Virginia Station (Westover, 1924). In 
this experiment there were available 220 single-row plots 150 feet long. 
Each plot was sampled by taking the yield of various row lengths in 
multiples of 10 feet. The sharp reduction in the probable error occurred 
between row lengths of 10 and 40 feet. Beyond 60 feet the probable 
error was reduced very little. In a somewhat similar study, Batchelor 
and Reed concluded that an eight-tree plot for orchard crops was more 
desirable than one of smaller size. 

It may be impossible to decide what size of plot is most advantageous 
without conducting the study under various experimental conditions and 
for special crops. In comparisons of Fi crosses between relatively pure 
lines in corn, all plants of each Fi cross consist approximately of the same 
genotype. It seems reasonable to conclude that in such comparisons 
smaller plots may prove as reliable as much larger ones where, in addition 
to soil variability, it is necessary to have sufficient plants in each plot in 
order to obtain a random genetic sample of the variety. 

Shape of Plot and Border Effect. —Plants growing along the side or 
end of a plot are often more thrifty and vigorous than those growing in 
the interior. When plots consist of single rows, the plants at the extrem¬ 
ities near the alleys or pathways appear superior to those growing far¬ 
ther in. 

Mercer and Hall (1911) divided a field planted to a single variety into 
plots of equal area but different in shape (approximately, 20 by 12 
and 50 by 5 yards) and, therefore, without border effect. No significant 
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difference in comparative variability was found between the two shapes. 
Barber (1914) found that where cultivated pathways surrounded plots, 
the plants along the margins were more productive than those within 
the plot. 

Table XXIII presents data collected by Arny and Hayes (1918) 
from plots seeded with a grain drill, in rows 6 inches apart. Eighteen- 
inch alleys separated the plots, and there was a roadway along each end. 
In length the plots were trimmed to 132 feet. They were 17 drill rows 
in breadth, each 6 inches apart. Each of the two outside border rows 
was harvested separately and the yield compared with the yields obtained 
from the central r6ws. The plants on each end of the plots to a depth 
of at least 1 foot were cut and discarded. 


Table XXIII.— Comparison of Average Yield of Oats, Wheat, and Barley 
Harvested from Border Rows and Central Rows 
Plots 132 by 8.5 feet 


Source 

Oats 

Wheat 

Barley 

Num¬ 
ber of 
plots 

Yield 
per acre, 
bushels 

Num¬ 
ber of 
plots 

Yield 
per acre, 
bushels 

Num¬ 
ber of 
plots 

Yield 
per acre, 
bushels 

Outside border rows 1 

44 

i 

132 0 

1 

20 

55 0 

16 

97 7 

Inside border rows . 


88 0 

1 20 

41 0 

16 

64 5 

Central 13 rows.. 

! 

41 

71 4 

1 

20 

27 5 

16 

42 9 


It is clear that border effect may profoundly influence yield. Long, 
narrow plots have a larger proportion of their area in border than those 
which more nearly approach a square. This would seem to indicate that 
square plots should be given preference over oblong ones unless the bor¬ 
ders are discarded. As a matter of fact, most workers use long, narrow 
plots because of the greater ease with which they may be seeded and 
harvested with machinery. Border effect may be entirely removed by 
discarding the borders and ends of the plot. 

The removal of borders appears desirable when the fact is considered 
that different strains and varieties may react unequally to borders or 
ends. Evidence has been accumulated which shows that some strains 
utilize the border to a greater degree than others. Obviously, those 
strains which gain least from the alley space will not be given a fair trial 
unless border rows are discarded from all the plots in the experiment. 
Conversely, those which have the greater ability to use the border may 
be given a higher rating than they deserve unless the borders are removed. 

It would seem from the evidence presented that it is highly desirable 
to discard ends and borders to a depth of at least 1 foot in the case of 
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rectangular plots and 1 foot at each end in the case of rod rows growing 
side by side. 

At the West Virginia Station^ the soybean varieties are grown in four- 
row plots and replicated three or more times. The rows are 18 feet long 
and 30 inches apart. After discarding the end plants one of the inner 
rows is harvested for seed and the other inner row is harvested for forage. 
A study has been made of the influence of height and yield of the adja¬ 
cent rows on the yields of the border rows. No appreciable effect of 
competition was found. 

Competition as a Factor in Plot Variability. —Competition between 
near-by strains, particularly under certain experimental conditions, may 
seriously influence results. A tail variety may hamper a short one, or a 
vigorous grower may inhibit one that grows more slowly. The exist¬ 
ence of competition between adjacent strains or varieties has been proved 
at several experiment stations. The work of Kiesselbach (1918) at the 
Nebraska Station is particularly illuminating on this point. Kiessel¬ 
bach compared competition between adjacent single-row plots and 
adjacent plots each consisting of from three to five rows. The yield of 
border rows was in some instances included in the yield of the blocks. 
His results are summarized in the following table: 

Table XXIV.— Summary of Relative Grain Yields of Varieties Tested in 
Single-row Plots and Also in Blocks Containing Several Rows 



Year 

of 

test 

1 

j Ratio of variety 1 to variety 2 

Varieties compared in alternating rows and 
in alternating blocks 

Alter¬ 

nating 

rows 

Alter¬ 

nating 

blocks 

Com¬ 
peting in 
same hill 

Turkey Red (1) and Big Frame (2) winter 
wheat. 

1913 

100:107 

100:97 


Turkey Red (1) and Big Frame (2) winter 
wheat. 

1 

1914 

100:85 

100:97 


Turkey Red (1) and Nebraska No. 28 (2) 
winter wheat. 

1913 

100:107 

100:107 


Turkey Red (1) and Nebraska No. 28 (2) 
winter wheat. 

1914 

100:63 

100:85 


Kherson (1) and Burt (2) oats. 

1913 

100:130 

100:112 


Kherson (1) and Burt (2) oats. 

1914 

100:139 

100:101 


Kherson (1) and Swedish Select (2) oats. 

1913 

100:82 

100:77 i 


Kherson (1) and Swedish Select (2) oats. 

1914 

! 100:89 

100:93 


Hogue's (1) and Pride of the North (2) com... 

1912 

100:66 

100:85 

100:47 

Hogue’s (1) and Pride of the North (2) com.. 

1914 

100:38 

100:53 

100:26 

Hogue’s (1) and University No, 3 (2) com... 

1914 

100:90 

100:98 

100:99 

Crossbred Hogue’s (1) and inbred Hogue’s (2) 
i5om. 

1916 

100:31 

100:37 

100:21 


^ Garber and Odland 1926. 
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A comparison of the columns in Table XXIV, headed Alternating 
rows'’ and ^^Alternating blocks," show strikingly the effects of competi¬ 
tion. In almost every case the varieties grown in alternating rows show 
a greater difference than the same varieties grown in alternating blocks. 
Perhaps the extreme effect of competition is shown by different varieties 
of corn grown in the same hill. 

In yield trials for such crops as corn where the hill method of planting 
is used, variation in stands greatly modifies yield per hill or plot. Studies 
of Kiesselbach (1923), given in the following table, illustrate this point: 

Table XXV.— Relative Yields of Three-plant Hills When Adjacent to Hills 
WITH Various Numbers of Plants 
2-yoar Averago 


Throe plant hills surrounded by or adjacent to 

Total nuinlx'r 
of hills 
aviTaged 

Relative grain 
yield per 
hill 

Surrounded by three plant hills. 

1 

598 

100 

Adjacent to one hill with two plants. 

360 

102 

Adjacent to one hill with one plant. 

302 

107 

Adjacent to one blank hill. 

366 

114 


If each hill adjacent to a blank hill increased (as it did) its yield 14 
per cent, 56 per cent of the loss due to the blank hill would be recovered. 

The results presented, together with others of a similar nature, 
prove that border-effect competition with certain varieties, which result 
from unequal stands of hill crops and competition between near-by 
varieties, is a source of error in plot or nursery experiments. Such 
errors may be controlled by various means, some of which are mentioned 
here: 

1. Similar sorts may be grouped, as is recommended by Love, for 
yield tests in rod-row trials of small grains. 

2. Multiple-row plots may be used and border rows removed, a 
method frequently used in rod-row tests of small grains conducted in 
the Great Plains area of the United States. 

3. With crops, such as corn or soybeans, surplus seed may be planted 
and later the rows may be thinned to a uniform stand. 

4. For hill crops, such as potatoes and corn, perfect stand hills sur¬ 
rounded on all sides by perfect stands can be harvested for yield trials. 

5. For field-plot tests the outside rows can be discarded and yields 
based upon center rows. In drilled plots of small grains the two outside 
drill rows and 1 or 2 feet of grain from the end of each plot may be 
removed before harvest. 

After taking all possible precautions to eliminate systematic mistakes, 
there will remain certain errors which, under field conditions, it is impossi* 
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ble to avoid. By a statistical analysis the data are studied further for 
the purpose of learning the probabilities that the differences observed 
are of real significance and not a result of random sampling. Probable- 
error methods of comparison may be grouped under three general heads: 

1. Computation of probable errors for each individual variety or strain. 

2. Computing a probable error of the experiment in percentage which 
is used to obtain probable errors for any variety or strain in the test. 

3. Student’s” method of comparing results. 

These and other methods are of relatively recent application and, 
unfortunately, as yet there are no universally recognized standard means 
of statistical treatment for field-plot trials. Certain methods now in 
use will be illustrated and some of their shortcomings mentioned. 

Probable Errors for Each Variety.—If four systematically distributed 
plots are used the probable errors can be computed directly. In this 
case, n — 1 should be used instead of n. This method appears to be 
the least desirable for a plant breeder. Its undesirability, however, is a 
subject for debate. 

On the basis of a small number of determinations, such as four sys¬ 
tematically distributed plots, it may happen by chance that certain 
varieties may give about the same yield in each of the plots. The cal¬ 
culated probable error in this case will be very small. There is certainly 
the possibility that all four plots may happen to fall on very productive 
soil or in places of low productivity. It can be demonstrated that if a 
single variety is planted on a field and harvested in small plots and if 
each four plots, systematically distributed, are considered as a separate 
strain that the computed probable errors may differ by as much as several 
hundred per cent. 

Probable Errors Computed from Checks.—There are various methods 
for the calculation of a probable error of the experiment. These will be 
illustrated and the use of such a probable error will be discussed. 
Probable errors obtained from check plots may be computed and 
expressed in percentage. It is possible to use sufficient check plots 
so that the computed probable error of a single determination, i.e., S. D. X 
±0.6745, may be reliable for the variety in question. By dividing the 
probable error of a single determination hy y/n where n equals the num¬ 
ber of systematically distributed, replicated plots, the probable error of 
the method of trial is obtained. This is mathematically correct only 
when replication reduces variability as rapidly as theoretically expected. 
The yield of each variety can then be multiplied by the probable error 
in percentage which will give a probable error in bushels. When suffi¬ 
cient check plots are not available, an average probable error of the 
experiment can be obtained by some other means in which the results 
from all varieties are used and the probable error is computed in 
percentage. 
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The Pairing Method of Securing a Probable Error.— Under certain 
conditions, it is impracticable to devote so large a share of the experi¬ 
mental field to check plots. Wood and Stratton (1910) have suggested 
a means of securing a reliable probable error without the aid of checks. 
Briefly, their method consists of systematically pairing similarly treated 
plots and finding their mean yields. The deviation of this mean from 
the yield of the original plots is expressed in percentage of the mean. 
The following illustrates the procedure: 


Plot arrangement.. . 

A' 

B'j 

C' 

etc. 

A" 

B" 

C" 

etc. 

A ''' 

B" ' 

0" ' 

etc. 

Yield per acre. 

20 

22 

24 

etc. 

21 

23 

25 

etc. 

24 

22 

23 

etc. 


Now if all A plots are similarly treated, A' would be paired with A" 
and A" with A" ', etc. 

In this method the probable error is expressed in percentage of the mean. 
If the number of pairs is sufficiently great the deviations + and — will 
yield a normal frequency curve. As in the method of determining the 
probable error by means of checks, it is desirable to have a large enough 
number of variants to secure at least an approach to the normal frequency 
distribution. 


Table XXVI.— The Pairing Method 


Plot 

Yield 

Mean 

Deviation 

Deviation in 
percentage of 
mean 

A' 

20 

1 




A" 

21 1 

f 

20.5 

0.5 

2.4 

A" 

21 1 

1 




A'" 

24 J 

[ 

22.5 

1.5 

6.7 

etc. 




i 



Similarly, the yields of B", and B" ' are paired, etc., as with the A 
series. After treating all varieties in a similar manner, the average devia¬ 
tion in percentage is obtained. This was used by Wood and Stratton as 
a probable error in percentage for a single determination. 

They (1910) present the following probable errors obtained by the 
pairing method, based on a large number of replicated plots of wheat, 
barley, oats, mangels, rutabagas, potatoes, and seed grasses: 

400 pairs of plots, different sizes. P. E. 4.2 per cent 

45 pairs of plots, each acre. P, E, 3.6 per cent • 

52 pairs of plots, each H acre. P. E. 8.6 per cent 

29 pairs of plots, each Ho acre. P. E. 3.9 pe^* cent 

200 pairs of plots, each Ho . P. E. 4.6 per cent 

75 pairs of plots, each Ho . P. E. 3.1 per cent 
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In this method the average deviation of plots, systematically paired, 
is used directly as a probable error. A modification of this method was 
suggested (Arny and Garber, 1919) by squaring each percentage devia¬ 
tion, summating these squared deviations, dividing the sum by the 
number of deviations, and extracting the square root of the quotient. 
This gave a probable error somewhat higher than that obtained by Wood 
and Stratton. Another method of computation which is called the 
deviation from the mean method has been suggested by Hayes 
(1923). The latter method gave results more nearly like those obtained 
from check plots and accordingly its calculation is discussed here in some 
detail. 

The Deviation from the Mean Method.—A plant breeder, in the 
majority of cases, centers his attention chiefly upon a few characters at a 
time and discards rather freely. For this reason the strains which are 
under trial are perhaps not widely different in general adaptability. 
For several years in the Minnesota-plant breeding studies, a comparison 
has been made ot probable errors calculated by different methods. 

Check plots of standard varieties—Marquis wheat, Manchuria (Minn. 
184) barley, and Victory oats—have been planted every fifth to tenth 
plot throughout the rod-row trials and probable errors calculated from 
these plots^ have been used as standards for comparison of other methods 
of obtaining probable errors. Probable errors obtained by the devia¬ 
tion from the mean method and by Wood and Stratton^s pairing method 
were compared with the probable errors obtained by the use of check 
plots. It was found that the deviation from the mean method gave 
results which were closer to those obtained from check plots than were 
the probable errors calculated from the pairing method. Garber and 
others (1924), at West Virginia, have compared probable errors computed 
from check plots with those obtained from the deviation from the mean 
method for a 3-year period for buckwheat and for 2 years for oats and 
wheat. Agreements were good except for buckwheat. The deviation 
from the mean method gave a probable error in 1921 twice as great as 
obtained by the use of check plots. The only other wide variation was 
in 1923 for wheat studies, the percentage probable error by the check- 
plot method being 12.9 and by the deviation from the mean method, 
18.9. 

The computation for the deviation of the mean method where the 
yields obtained from different varieties are used to calculate a single prob¬ 
able error in percentage may be given as follows: 

Computing of Probable Errors by the Deviation from the Mean Method 

1. Express in per cent the deviation of each plot of each variety from 
its variety mean. 

‘ The formual used was P. E. - ±0.6745>J^® • 
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2. Square these percentage deviations and sum by adding all squared 
deviations. 

3. Divide the sum of the squared deviations by the total number of 
deviations and extract the square root. 

4. After extracting the square root multiply the value obtained by 
±0.6745. The value obtained is the probable error of a single plot test 
in percentage. 

5. To compute the probable error of any number of systematically 
distributed plots, n divide the P. E. of a single plot by the \/n. 

6. Multiply the yield by the percentage probable error to obtain a 
probable error in bushels. 

The method of computation is illustrated here although much larger 
numbers are desirable than are used in the illustration. With small 
numbers the squared deviations should be divided by n -- 1 instead of n. 
One of the advantages of the plan is that so many deviations are obtained 
that an accurate estimate of the extent of variability is reached. The 
plan is illustrated for two varieties each grown in four systematically 
distributed plots. Commonly, at least 100 deviations are available in 
plant-breeding studies. 


Illustration of Method 


Variety 

Yield 1 
each plot 
in bushels 

Mean 

Deviation 

in 

bushels 

Deviation 

in 

per cent 

i 

Deviation 
in per cent 
squared 

Marquis X lumillo 

35.4 


4.6 

11.50 

132.25 

11-15-44 

48.0 

40.0 

8.0 

20.00 , 

400.00 


37.3 


2.7 

6.75 ! 

45.56 


39.2 


0.8 

2.00 

4.00 

Marquis X Kanred 

35.5 


2.7 

7.07 

49.98 

11-15-58 

44.4 

38.2 

6.2 

16.23 

263.41 


37.4 


0.8 

2.09 

4.37 


35.3 


2.9 

7.59 

57.61 




'957.18 
8 
m.9 

Vi 


10.9 =» 8. D. single plot in per cent 


5.45 = 8. D. in per cent for four ^stematically dis¬ 
tributed plots by the deviation from the mean 
of the variety method 
5.45 X ±0.6745 = 3.68, P. E. in per cent 


It is apparent in the illustration given that plot 2 in each variety was 
in a favorable position and that there is some correlation in yielding 
ability of neighboring plots. 
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The criterion of the accuracy of the method is a comparison with 
probable errors obtained from the yields of check plots of a standard 


variety where the probable error equals ±0.6745^ 


Results obtained from a 6-year comparison of the two methods are 
presented in the following table: 


Table XXVII.— Probable Errors of a Single-plot Test as Obtained prom 
Check Plots of a Standard Variety and from a Combination of Other 
Varieties in the Trial 


Crop 

Year 

(^heck-plot method 
(siogle standard variety) 

Deviation of mean method 
(all varieties) 

Average 

yield, 

bushels 

1 Number 

1 

plots 

P. K, 
per 
cent 

Average 

yield, 

bushels 

Number 

of 

plots 

P. E., 
per 

cent 



1919 

20 3 

42 

11.8 

20 0 

108 

15.2 



1920 

2.5 8 

60 

10 1 

25.0 

252 

9.6 



1921 

18.0 

44 

10 2 

17.8 

140 

10 2 

S. wheat. 


1922 

3.5.4 

52 : 

9 2 

33.8 

292 

8.6 



1923 

.30,9 

26 

5 2 

.32.2 

360 

5.7 



1924 

26.9 

64 

9.0 

25 7 

328 

9 9 

Average. ' 


26.3 


9.3 

25.8 


9.9 



1919 

56,4 

48 

7.6 

62.3 

i:32 

6.1 



1920 

80.7 

42 

9.2 

77.1 

788 

9.4 



1921 

.50.7 

43 

7.5 

1 51.8 

388 

7.9 

Oats. \ 


1922 

115.6 

55 

4.7 

100.6 

160 

5.1 



1923 

61.6 

55 

7.0 

, 61.0 

579 

6.1 



1924 

59.0 

60 

10 4 

1 58.3 

292 

6.7 

Average. 


70.7 


7.7 

1 68.5 


6.9 



1919 

41.9 

52 

9.5 

29.7 

80 

9.2 



1920 

49.1 

32 

10 0 

41.5 

188 

10.1 

f-. 1 


1921 

30.9 

62 

10 0 

28.1 

232 

9.6 

Barley.< 


1922 

60.7 

48 

11.6 

60.4 

520 

10.1 



1923 

.56.1 

.34 

7 1 

54 1 

324 

7.5 



1924 

42.5 

24 

7 9 

40.8 

76 

8.6 . 

Average. 


46,9 


9.4 

42.4 


9.2 

W. wheat. 

1924 

45 2 

24 

5.3 

45.6 

88 

5.1 


The two methods of computation gave very similar results. The 
average for the 6-year period where the probable errors in percentage 
for the pheck-plot method are given first and for the deviation of the 
mean method next are as follows: for wheat, 9.3 and 9.9; for oats, 7.7 
and 6*9; and for barley, 9.4 and 9.2. The only differences of any magni¬ 
tude were in 1919 in which case the probable errors by the two methods 
are 11.8 and 16.2, respectively, for wheat: and in 1924, 10.4 and 6.7 for 
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oats. Only a single year’s comparison is given for winter wheat as in 
other years winterkilling occurred in spots in the nursery and prevented 
obtaining probable errors of any significance. Probable errors in per¬ 
centage obtained by the two methods in the season in which mnterkilling 
was not a factor are 5.3 and 5.1. 

Student” (1926) has pointed out that the correct mathematical 
formula, if yields of different replicated strains are used, should be as 

follows: S. D. = where n = size of sample, f.c., number of 

replicates of each variety, and N = total number of deviations. The 
computation is not very tedious if d is expressed directly in bushels 
instead of in percentage. A probable error in percentage can be obtained 
by dividing the probable error in bushels by the average yield of all 
plots and then multiplying by 100. Such a generalized probable error 
does not take correlation of near-by plots into account. Richey (1925) 
has presented a new method of correcting yields by means of the regres¬ 
sion relation and presents a formula for computing a generalized probable 
error of the experiment which gives a much lower probable error than 
the ^'deviation of the mean method.” He also compares this with a 
method suggested by Student” which does away with correlation within 
each replication series. 

Another method which helps to control variability is to plant in the 
form of a ^^Latin square.” Briefly, this consists of arranging the varie¬ 
ties in the test at random except for certain restrictions. If A, R, C, and 
D represent the plots of four different varieties, they could be planted 
in such a manner that each variety appears once in each row and once in 
each column and in no case in adjacent plots. Otherwise, the planting is 
at random. In this method, any shape of plot can be used. 


Illustration 

OF 

Method 

B 

C 

A 

D 

D 

A 

C 

B 

C 

B 

D 

A 

A 

D 

B 

C 


A method of computing a probable error for this arrangement of planting 
was given by Fisher (1925) and discussed by Student.” 

Methods of Using Average Probable Errors.—One of the dangers of 
using a single percentage probable error of the experiment for each variety 
is apparent. Some varieties vary more than others and their probable 
error is larger than the probable error for the average of all varieties. 
In plant-breeding experiments the varieties frequently are similar and 
for this reason tend to react in a similar manner. The average probable 
error may aid in selecting an elimination value below which varieties or 
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strains may be discarded without danger of throwing away a valuable 
one. This figure is necessarily more or less arbitrary and will depend 
upon the desired degree of accuracy. The magnitude of the figure which 
is multiplied by the probable error will also depend somewhat upon the 
desired amount of elimination. A method which in some cases has been 
found of use at the Minnesota station is to subtract the product of three 
times the probable error for the method of test multiplied by \^2 from 
the highest or one of the higher 3 delding strains. The difference gives a 
figure below which it is considered safe to discard without danger of 
eliminating the strain with the highest yielding ability. Strains are 
not discarded, as a rule, on the basis of a single season’s trial. If the 
yield of a strain falls below the elimination figure for 2 or 3 years, it is 
discarded from further trials. 

The average yield of each variety for each crop season may be mul¬ 
tiplied by the percentage probable error and a probable error in bushels 
can be obtained by this means. It is then possible to compare the yields 
of any two varieties with each other for any particular season. 

A probable error of an average of averages is used in some cases. The 
method now being tried out is illustrated here. A series of smooth-awned 
barley hybrids have been compared for several years with Manchuria 
(Minn. 184). Several of these have yielded well. A cross made between 
a smooth-awned strain and Manchuria, which carries the Minnesota No. 
445, has given an average 3 deld in rod-row trials for the 6-year period, 
1920-1925, inclusive, of 51.8 bushels, while Manchuria (Minn. 184) 
yielded 49.0. What are the chances that this difference is significant? 
Probable errors in percentage for this 6-year fxjriod are, respectively, 

1 ,_ 

5.1, 4.8, 5.1, 3.8, 4.3, and 3.5 and by the formula + 6^ . . . n®, 

as explained in the chapter on biometry, the average probable error for 
the 6-year period is 1.8. Multiplying the average yield of each of the 
varieties by this probable error gives a probable error in bushels of 0.9 
for each. A comparison of the two varieties is made as follows: 


Varietv Yields, 1920-1925 

Manchuria (Minn. 184). 49.0 ± 0.9 

Smooth-awned hybrid (Minn. 445). . 51.8 ± 0.9 

Difference. . 2.8±1.3 

Difference/P. E. 2.2 


The odds against the occurrence of a deviation as great or greater than 
this one on the basis of random sampling are 6.26:1. On the basis of 
random sampling, however, there is as great a chance of Manchuria 
(Minn. 184) yielding more than the hybrid as of the hybrid yielding more 
than Manchuria. If the statement, therefore, is made on the basis of 
the probabilities that the hybrid is a better yielder than Manchuria; 
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i.e,, deviation in one direction—the odds become twice as great +1 as 
given in the table of probabilities. On this basis the chances that the 
hybrid is a better yielder than Manchuria are 13.52:1. If it is desired, 
therefore, when comparing two varieties as A and 5, to make the state¬ 
ment directly regarding the chances that the higher yielding variety, 
which may be called A, is significantly better than B the probability 
tables presented in the chapter on biometry can be used by multiplying 
the odds by 2 and adding 1, as illustrated in comparing the smooth- 
awned hybrid with Manchuria. 

For the years 1922-1925, Manchuria and the smooth-awned hybrid 
have been tested likewise by Prof. A. C. Arny in J^o-acre plot trials at 
University Farm, St. Paul, Minn. The calculated probable errors in 
percentage obtained were 2.6, 3.9, 1.0, and 4.1, respectively, which are 
somewhat smaller on an average than those obtained for the rod-row 
tests. The calculated average probable error was 1.6. The yields in 
this case were as follows: 


^'AR^ETY Yields, 1022-1025 

Manchuria (Minn. 184) . .SS 9 ± 0 6 

Smooth-awned hybrid (Minn. 445). 48.5 ± 0.8 

Difference. 9.0 ± 1.0 


In this case the chances are very great that these varieties differ signifi¬ 
cantly in yielding ability. 

During these same four years, the new variety yielded as well as Man¬ 
churia at each of the five Minnesota branch stations. It was originally 
picked out for increase on the basis of its satisfactory performance and 
probable errors were used as an aid in eliminating a large number of 
other strains which on the basis of yield appeared less desirable. 

It should be kept clearly in mind that the significance of the differ¬ 
ence, calculated in the examples given above, is based on deviation in 
one direction only and, therefore, gives greater odds than when based on 
deviation in either direction. In general, where it is possible to apply 
two tests, the more stringent is preferable. 

The ^^Student” Method of Comparing Two Results on a Probable- 
error Basis. —This method was brought to the attention of American 
workers by Love (1923, 1924) who said: 

The method consists of finding the difference between the two items compared 
and then the mean difference. From this mean the standard deviation of the 
several differences is found by the usual formula 

S. D. = 

^ n 

The ratio of the mean to the standard deviation is designated by ^^Student ’’ as Z. 
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The following comparison of yielding ability of varieties A and B 
will illustrate the method of computation ; 


A 


B 

D 


79.6 


77.2 

-2.4 

5.76 

49.7 


53.5 

3.8 

14.44 

46.5 


66.1 

19.6 

384.16 

63.8 


65.8 

2.0 

4.00 

42.4 


52.4 

10.0 

100.00 

47.7 


57.3 

9.6 

92.16 




6|42.6 

7.1 

6|600.52 

100.0867 


S. D. = 

V100.0867 - 

(7.1)2 ^ 




\/l00.0867 - 

50.41 = 




\/49.6767 

= 7.0481 



M 

s.d: ~ 

7 - 

7.0481 

1.007 



Love (1924) has presented tables by means of which it is very easy to 
determine the odds that a difference is significant. For example for six 
comparisons and a Z of 1.007, the odds that the two varieties are signifi¬ 
cantly different in 3 nielding ability is approximately 25.5:1. 
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Table XXVIII. —The Calculated Odds for the Z Values op ^‘Student’s’ 
Table for Estimating the Probability That the Difference between 
A Series of Paired Experiments is Significant 


(In Addition to Calculating the Values for Z as Given in Student’s Table, the Values 
for the Intermediate Classes Have also Been Calculated) 


z 

n - 2 

n = 3 

n « 4 

n « 5 

n =* 6 

n - 7 

n — 8 

71 9 

n - 10 

0.1 

1.14 

1.22 

1.29 

1.35 

1 40 

1.46 

1.50 

1 1.55 

1.59 

0.15 

1.21 

1.35 

1 46 

1.56 

1.66 

1.75 

1.83 

1.92 

2.00 

0.2 

1.29 

1.49 

1.66 

1.82 

1.97 

2.12 

2.26 

2.41 

2.55 

0.25 

1.37 

1.64 

1.88 

2.10 

2.32 

2.54 

2.75 

2.97 

3.19 

0.3 

1.46 

1.81 

2.13 

2.44 

2.76 

3.08 

3.41 

3.75 

4.11 

0.35 

1.54 

1.98 

2.40 

2.81 

3.24 

3.68 

4.14 

4.62 

5 . 1.3 

0.4 

1.64 

2.18 

2.72 

3.27 

3.85 

4.48 

5.15 

5.88 

6.67 

0.45 

1.73 

2.39 

3.05 

3.75 

4.51 

5.33 

6.24 

7.24 

8.34 

0.6 

1.84 

2.62 

3.44 

4.35 

5.36 

6.50 

7.80 

9.26 

10.9 

0.65 

1.94 

2.85 

3.85 

4.97 

6.25 

7.72 

9.42 

11.4 

13.6 

0.6 

2.05 

3.12 

4.33 

5.75 

7.42 

9.42 

11.8 

14,6 

18.0 

0.65 

2.16 

3.39 

4.82 

6.54 

8.62 

11.2 

14.2 

17.9 

22.5 

0.7 

2.27 

3.69 

5.41 

7.55 

10.2 

13.6 

17.8 

23.1 

29.8 

0.75 

2.39 

3.99 

5.99 

8.55 

11.8 

16.0 

21.4 

28.3 

37.2 

0.8 

2.61 

4.33 

6.70 

9.82 

14.0 

19.5 

26.8 

36.5 

49.3 

0.85 

2.62 

4.66 

7.39 

11.1 

16.1 

22.9 

32.1 

44.5 

61.1 

0.9 

2.75 

5.04 

8.22 

12.7 

18.9 

27.7 

40.0 

57.1 

81.0 

0,95 

2.87 

5.41 

9.03 

14.2 

21.7 

32.4 

47.8 

69.4 

100 

1.0 

3.00 

5.83 

10.0 

16.2 

25.5 

39.2 

59.2 

89.1 

132 

1.05 

3.12 

6.24 

11.0 

18.2 

29.1 

45.7 

70.4 

108 

163 

1.1 

3.26 

6.69 

12.1 

20.6 

34.0 

54.9 

87.5 

138 

216 

1.15 

3.39 

7.13 

13 2 

22.9 

38.7 1 

63.5 

103 

166 

262 

1.2 

3.52 

7.63 

14.5 

25.9 

44.9 

75.9 

127 

212 

344 

1.25 

3.65 

8.11 

15.7 

28.8 

50.8 

87.5 

151 

255 

416 

1.3 

3.79 

8.64 

17.2 

32.3 

58.5 

104 

184 

322 

556 

1.35 

3.92 

9.16 

18 6 

35.8 

66.1 

119 

216 

384 

666 

1.4 

4.07 

9.74 

20.3 

40.0 

75.9 

142 

262 

475 

908 

1.45 

4.20 

10.3 

21.9 

44.0 

85.2 

163 

302 

555 

1110 

1.5 

4.34 

10.9 

23.9 

49.0 

98.0 

191 

369 

713 

1428 

1.56 

4.48 

11.5 

25.7 

53.9 

109 

216 

434 

832 

1666 

1.6 

4.62 

12.2 

27.7 

60.0 

124 

255 

525 

999 

1999 

1.66 

4.76 

12.8 

29.8 

65.7 

138 

285 

587 

1110 

2499 

1.7 

4.01 

13.5 

32.2 

72.5 

158 

332 

i 713 

1428 

3332 

1.75 

5.05 

14.2 

34.5 

79.0 

174 

369 

832 

1666 

3332 

1.8 

5.20 

14.9 

37.0 

86.7 

199 

434 

999 

1999 

4999 

1.86 

5.34 

15.6 

39.5 

94.2 

216 

499 

1110 

2499 

4999 

1.9 

5.49 

16.4 

42.5 

103 

243 

i 587 

1249 

3332 

9999 

1.96 

6.63 

17.1 

45.1 

111 

269 

624 

1428 

3332 


2.0 

6.78 

17.9 

48.3 

122 

302 

713 

1666 

4999 


2.05 

5.92 

18.7 

51.4 

132 

332 

768 

1999 

4999 


2.1 

6.07 

19.6 

54.9 

144 

369 

908 

2499 

4999 ' 


2.16 

6.21 

20.4 

58.2 

155 

899 

999 

2499 

4999 


2.2 

6.36 

21.3 

61.9 

168 

454 

1249 

3332 

9999 


2.25 

6.51 

22.1 

65.2 

181 

499 

1249 

3332 



2.3 

6.66 

23.1 

69.4 

199 

555 

1428 

4999 



2.35 

6.81 

24.0 

73.1 

212 

687 

1666 

4999 



2.4 

6.96 

25.0 

77.7 

232 

666 

1999 

4999 



2.45 

7.10 

26.9 

81.6 

249 

713 

1999 

4999 



2.5 

7.26 

26.9 

86.7 

269 

768 

2499 

4999 



2.55 

7.40 

27.9 

91.6 

285 

832 

2499 

4999 



2.6 

7.55 

29.0 

97.0 

302 

908 

2499 

9999 



2.65 

7.70 

30.1 

102.0 

322 

999 

2499 
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Table XXVIH.— (Con/inwed) 


z 

n - 11 

n * 12 

n » 13 

n « 14 

n = 15 

n » 16 

n « 17 

n - 18 

n - 19 

0.1 

1.64 

1.68 

1.72 

1.76 

1.80 

1.84 

1.88 

1.92 

1.96 

0.15 

2.08 

2.16 

2.24 

2.31 

2.39 

2.47 

2.54 

2.62 

2.69 

0.2 

2.70 

2.84 

2.99 

3.14 

3.29 

3.44 

3.60 

3.76 

3.91 

0.25 

3.41 

3.64 

3.87 

4,11 

4.36 

4.60 

4.86 

5.12 

5.39 

0.3 

4.48 

4.86 

5.27 

5.69 

6.13 

6.59 

7.08 

7.59 

8 12 

0.35 

5.67 

0.24 

6.84 

7.47 

8.15 

8.86 

9.62 

10.4 

11.3 

0.4 

7.53 

8.45 

9.47 

10.6 

11.8 

13.1 

14.5 

16.0 

17.7 

0.45 

9..54 

10.9 

12.3 

13.9 

15.7 

17.7 

19.8 

22.2 

24.8 

0.5 

12.8 

14.9 

17.3 

20.1 

23.3 

26.8 

30.8 

35.4 

40.7 

0.55 

1 C .2 

19.2 

22.7 

26.7 

31.3 

36.5 

42.7 

49.5 

57.5 

0.0 

22.0 

26.8 

32.4 

39.3 

47.3 

66.8 

68.4 

81.6 

98.0 

0.65 

27.9 

34,6 

42.5 

52.2 

63.9 

77.7 

95.2 

115 

140 

0.7 

38.1 

48.5 

61.5 

77.7 

99.0 

124 

155 

195 

249 

0.75 

48.3 

62.7 

81.0 

104 

134 

171 

216 

277 

366 

0.8 

66.1 

88.3 

118 

158 

207 

277 

356 

475 

624 

0.85 

83.7 

114 

155 

207 

277 

369 

499 

666 

908 

0.9 

114 

160 

226 

311 

434 

587 

832 

1110 

1666 

0.95 

144 

207 

293 

416 

587 

832 

1110 

1666 

2499 

1.0 

195 

I 293 

434 

624 

908 

1428 

1999 

3332 

4999 

1.05 

243 

369 

555 

832 

1249 

1999 

2499 

4999 

4999 

1.1 

332 

525 

832 

1249 

1999 

3332 

4999 

9999 

9999 

1.15 

j 416 

666 

999 

1666 

2499 

3332 

1 4999 



1.2 

555 

908 

1428 

2499 

3332 

4999 

9999 



1.25 

713 

1110 

1666 

3332 

4999 

4999 




1.3 

999 

1666 

2499 

4999 

9999 

9999 




1.35 

1249 

1999 

3332 

4999 






1.4 

1666 

3332 

4099 

9999 






1.45 

1999 

3332 

4999 







1.5 

2499 

4999 

9999 







1.55 

2499 

4999 








1.6 

3332 

9999 








1.65 

3332 









1.7 

4999 









1.75 

4999 









1.8 

9999 
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Table XXVIII.—(Continued) 


z 

n - 20 

n « 21 

n - 22 

n - 23 

n - 24 

n » 25 

j n - 26 

! 

w - 27 

n « 28 

n « 29 

n =» 30 

0.1 

2.00 

2.03 

2.07 

2.11 

2.15 

2.18 

2.22 

2.26 

2.29 

2.33 

2.37 

0.15 

2.77 

2.84 

2.92 

2.99 

3.07 

3.14 

3.22 

3.30 

3.37 

3.45 

3.62 

0.2 

4.08 

4.24 

4.41 

4.58 

4.76 

4.94 

5.12 

5.31 

5.50 

5.69 

5.90 

0.26 

6.66 

5.94 

6.23 

6.62 

6.83 

7.14 

7.46 

7.79 

8.12 

8.47 

8.82 

0.3 

8.68 

9.27 

9.89 

10.5 

11.2 

11.9 

12.7 

13.5 

14.3 

15.2 

16.1 

0.35 

12.2 

13.1 

14.1 

16.2 

16.3 

17.5 

18.7 

20.1 

21.5 

23.0 

24.5 

0.4 

19.6 

21.6 

23.7 

26.0 

28.6 

31.4 

34.3 

37.8 

41.2 

45.3 

49.3 

0.45 

27.7 1 

30.7 

34.2 

38.1 

42.1 1 

46.6 

51.6 

57.1 

63.1 

69.9 

76.5 

0.5 

46.4 

53.1 

60.7 

69.4 

79.0 

89.9 

102 

117 

132 

151 

171 

0.66 

66.6 

77.1 

89.1 

103 

118 

136 i 

155 

181 

207 j 

237 

269 

0.6 

117 

140 

166 

199 

237 

277 1 

332 

399 

475 

655 

666 

0.66 

168 

203 

243 

■302 

356 

i 34 

625 

624 

768 

908 

1110 

0.7 

302 

384 

475 

624 

768 

999 

1249 

1666 

1999 

2499 

3332 

0.75 

434 

555 

713 

908 

1110 

1428 

1999 

2499 

3332 

3332 

4999 

0.8 

832 

1110 

1428 

1999 

2499 

3332 

4999 

9999 

9999 

9999 

9999 

0.85 

1110 

1428 

1999 

2499 

3332 

4999 

4999 

I 




0.9 

1999 

2499 

3332 

4999 

9999 

9999 

9999 





0.95 

3332 

3332 

4999 j 

4999 








1.0 

9999 

9999 

9999 

9999 









^^Student^s^^ method was devised primarily for small numbers. In 
its application to varietal trials, this method involves pairing like plots 
and the use of ‘^Student^s^^ tables for small numbers of replications. 
There should be a natural basis, moreover, for pairing, ^.e., plots may be 
paired because they are in close proximity to one another or yearly aver¬ 
age yields of two varieties may be paired because both varieties have 
been grown under similar conditions throughout each of several years. 
In applying the method to varietal trials, it has been used in comparing 
yearly means. If one variety is consistently a higher yielder, the method 
brings out these facts. If one variety, however, yields as much as the 
other 4 years out of 5 but much less the fifth year because of susceptibility 
to some disease or because of some other cause, this fact will tend to be 
covered up by applying ^^Student^s” method to the yearly averages. 
Mathematically, on the basis of random sampling, it might be supposed 
that in some succeeding year the low yielding variety would greatly 
exceed the other. Biologically, this may or may not be possible. Using 
yearly probable errors will bring out certain facts in such a case where 
“Student's'' method applied to yearly averages will not. 

In certain cases “Student's" method is a very convenient tool for the 
field^plot experimentalist. In a comparison of Gopher oats with the 
local variety conducted in Southern Minnesota in 1925 by R. F. Grim, 
Extension Agronomist at Minnesota, narrow plots of Gopher were seeded 
on several farms in a strip in the field and yields obtained from near-by 
plots. The results are compared by the use of “Student's" method. 
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Yields per bushel 



County 




D 

z>* 


Local variety 

Gopher 






72 r4 

78.9 

6.5 

42.25 



54.0 

73.4 

19.4 

376.36 

Fillmore. 


78.4 

90.4 

12.0 

144.00 



38.7 

59.4 

20.7 

428.49 



51.8 

64.0 

12.2 

148.84 



97.9 

102.9 

5.0 

25.00 

Watonwan. 


84.7 

110.2 

25 5 

650.25 



100.7 

95.7 

-5.0 

25.00 



75.4 

67.7 ] 

-7.7 

59.29 



35.7 

53.0 1 

17.3 

299.29 

Brown. 


55.4 

70.0 i 

14.6 

213.16 


51.0 

74.7 

23 7 

561.69 



1 49.5 

63.2 

13.7 

187.69 



74.0 

74.5 

0.5 

0.25 

Le Sueur. 


76.0 

83 2 

7.2 

51.84 



60.9 

68.7 

7.8 

60 84 

Redwood. 


32.4 

32.0 

35.3 

41.5 

2.9 

9.5 

8.41 

90.25 

Cottonwood. 

81.3 

92.4 

11.1 

123.21 





19jl96 9 

19|3496.11 




10.3631 

184.0058 

107.3938 





76.6120 


S. D. = \/l84.0058 - (10'3^T)» ■= 
\/l84.0058 - 107.3938 = 

\/76.6120 =• 8.7528 

M _ 10.3631 , , , 

g-p- - Z = g = 1.183 Odds = very great 


The oddfl that Gopher yielded significantly more than the local variety 
are very great in this case. 

It is apparent from this discussion that each of the methods has its 
advantages and disadvantages. A correct understanding of these allows 
the application of the method which appears most desirable for each 
specific case. No method of statistical analysis takes the place of com¬ 
mon sense in the analysis of experimental data, but they are a very valu¬ 
able aid in an analysis of results. 

Climatic Vaxiatioiis.— One other disturbing factor to be considered in 
(xmducting plot tests is variation induced by weather conditions. Its 
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presence is so obvious to anyone who has worked with growing crops 
that further comment is hardly necessary. In a year of deficient rainfall 
the varieties best qualified to subsist under a minimum water supply will 
yield most. Some seasons are better for the growth of early maturing 
varieties than for late ones. An epidemic of a plant disease like rust may 
be fostered or hampered by weather conditions. The question arises, 
how may errors due to this source be overcome? Conducting an experi¬ 
ment over a period of years is the only effective means at the disposal of 
the investigator. The strain which fluctuates the least from year to 
year and also gives a high average performance is most valuable for the 
farmer. 

Summary of Field-plot Technic.—1. Soil heterogeneity is universally 
present in experimental fields although in varying degrees. 

2. The extent of soil heterogeneity for any particular field may be 
studied by the application of the heterogeneity coefficient which expresses 
the extent to which near-by plots are similar in productivity. By corre¬ 
lating yields of plots at some distance from each other, the extent of 
systematic variation can be determined. The extent of variability is 
obtained by analyzing the yield of check plots and is another means of 
learning the comparative heterogeneity of two or more fields. 

3. If the field varies uniformly from one side to the other, check plots 
may be used to correct yields. In general, the use of checks to correct 
yields is undesirable. Correcting yields on the basis of the regression 
equations and the degree of relationship in yielding ability of near-by 
plots, as a rule, reduces the size of the probable error. 

4. The probable error of an experiment may be reduced most effec¬ 
tively by plot replication. Replication, up to a certain number, rapidly 
reduces the probable error. The number of replications which should 
be used depends upon the degree of accuracy desired and the heterogene¬ 
ity of the soil. As a rule, the larger the area of land used the greater the 
degree of soil variability which must be overcome. On fairly uniform 
land three or four replications have been found satisfactory for general 
breeding studies. 

5. Increasing plot size is a less valuable method of overcoming soil 
heterogeneity than replication. The size of plot used and the method of 
planting is determined to some extent by the nature of the crop. More 
reliable results can be obtained by using the size of plot which reduces 
variability to a minimum, considering the number of strains which must 
be tested and the value of replication. The use of smaller plots under 
replication may be of more value than a much larger plot if only a single 
plot is used for each strain. 

fi. Plants growing on the border of a plot adjacent to an alley or road¬ 
way are usually superior to those growing within the plot; hence, if it is 
desired to secure yields comparable with those which would be secured 
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under field conditions, the border plants must be discarded. The border 
should be removed to a depth of at least 1 foot. Different varieties and 
strains may have unequal ability to utilize the free space along the 
pathways between plots and, consequently, a second reason arises for 
discarding the border. For crops which are grown in hills, as with com 
or potatoes, it is advantageous to harvest, for the yield trial, perfect 
stand hills surrounded by perfect stand hills. 

7. Competition exists between near-by varieties and strains. The 
grouping of varieties and strains so that those of similar habits of growth 
appear side by side removes to a considerable degree the evil effects of 
competition. The most effective means of overcoming competition is by 
the use of sufficiently wide borders which are discarded at harvest. 

8. After taking precautions to overcome all systematic errors, the 
use of the probable-error concept as a means of analyzing the results is 
of material value. The method used will depend upon the nature of the 
material which is being studied. Probable-error methods do not take 
the place of a common-sense analysis but are a valuable aid after con¬ 
sidering such important questions as the manner of planting, the amount 
of seed to plant, size of plots and replication, competition, manner of 
harvesting, curing, and all other questions which have a bearing on the 
accuracy of the results. 

9. Results of field tests vary from year to year because of changing 
weather conditions, and, for this reason, it is necessary to extend a test 
»*ver a period of several years. For varietal trials a minimum of three 
years is recommended. 



CHAPTER V 


THE MODE OF REPRODUCTION IN RELATION TO BREEDING 

General recognition of the stability of inherited factors has served to 
emphasize the importance of a knowledge of the mode of reproduction of 
crop plants. If the crop in question is normally self-fertilized, and has 
been bred carefully, accidental crosses may cause serious mixtures in 
the variety and thus prohibit its sale as pedigreed seed. With naturally 
cross-fertilized plants, self-fertilization often has a detrimental effect. 
A knowledge of the mode of pollination of a crop is therefore an absolute 
necessity in outlining correct methods of breeding. 

Plants may be placed in two major groups according to their mode of 
reproduction, asexual and sexual. 

The asexual group contains those plants which are propagated by 
grafting, cutting, layering, or other non-sexual method. The chief crop 
plants belonging to this group are potatoes, sugar cane, and many fruits. 

With most crops, asexual propagation is a means of increasing numbers 
of plants without, in general, expecting a change in hereditary constitution, 
although, as will be pointed out later, bud sports of economic importance 
occur occasionally in asexually propagated plants and are of importance, 
therefore, to the breeder and grower. If such bud sports are sufficiently 
frequent they must be taken into account in the plan of the breeders. 
Some plants which are propagated asexually can be grown also from seed 
and can be bred, therefore, in the same manner as other sexually propagated 
plants. Most asexually propagated plants, however, are heterozygous. 

It is difficult to group crops according to their mode of pollination 
since different varieties or strains of a single variety may differ markedly 
in the extent to which self- or cross-pollination occurs and seasonal condi¬ 
tions may modify the results. It is desirable, however, to group certain 
crops together and the following headings indicate what appear to be 
the major subdivisions: 

1. Naturally self-pollinated. 

2. Often cross-pollinated. 

3. Naturally cross-poUinated. 

4. Dioecious. 

NATURALLY SKLF-POLLINATED PLANTS 

Wheat, barley, oats, tobacco, potatoes, flax, rice, peas, beans, and 
tomatoes are some of the more important crops belonging to the naturally 
self^-pollinated group. 
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The flower types are adapted for various degrees of self- or cross¬ 
fertilization, but natural crossing takes place in all of them in varying 
degrees. The plant breeder, however, is chiefly interested in the final 
result. 



Fig. 16. —Natural hybrids in wheat. 1. From right to left* Spike of a pure variety 
produced from a cross of Turkey winter wheat and Wellman’s Fife spnng wheat. This is a 
bearded variety with smooth chaff. The progeny of a single plant of this variety gave 48 
bearded, smooth chaffed plants and 2 plants with intermediate (tipped awns) and hairy 
chaff 2. From right to left: Preston spnng wheat; an Fi natural hybrid with intermedi¬ 
ate awns and hairy chaff. The parental varieties from which these natural hybnds were 
obtained were grown alternately with Haynes Blue Stem the preceding year. 


Wheat’ —The individual florets of wheat and barley are much alike. 
The envelope of a floret of wheat, for example, consists of the flowering 
glume, or lenuna, and an inner glume, or palea. The sexual organs con¬ 
sist of a pistil with a two-branched, feathery stigma and of three stamens 
with anthers, all of which are enclosed by the lemma and palea. Oppo¬ 
site the base of the palea are two tiny sac like organs, lodicules. The 
increase in size of these organs due to water absorption causes the flower 
to open. This occurs when the stigma is receptive and at this time the 
elongation of the filaments causes the anthers to protrude from the glumes, 
when they promptly dehisce. The process of blooming is very rapid 
and seldom requires more than 20 minutes. Leighty and Hutcheson 
(1919) state that the opening of the glumes from beginning to completion 
may not require more than 1 minute, that the anthers may be extruded 
> Pope has reviewed mudi the litemtuie fat cereal crops. See Jow, 89 c, 
Agron., Vol. 8, pp. 209-227. 
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and emptied of their contents within 2 to 3 minutes, and the glumes again 
become tightly closed at the end of 15 to 20 minutes. Kirchner (1886) 
states that about one-third of the pollen falls inside the flower. As the 
pollen is blown around the field by the wind, it is easily seen that natural 
crossing may sometimes occur. 

Investigators differ in their beliefs regarding natural crossing in small 
grains. DeVries (1906) says, ''Wheat, barley and oats are self-fertile 
and do not mix in the field through cross-pollination.^^ Biffin (1905) 
states that he has never observed a case of cross-pollination in wheat; 
while Fruwirth (1909) lists several German breeders who have given 
instances of natural crosses. Fruwirth says, "Wheat varieties can be 
cultivated side by side for years without mixing.” Nilsson-Ehle (1915), 
in Sweden, has found that some varieties show a much greater amount 
of natural crossing than others. Howard and others (1910a), in India, 
carefully studied natural crossing in wheat for several years and recorded 
231 natural crosses. Smith (1912) reported eight natural hybrids in 96 
rows of Turkey winter wheat and Saunders (1905) told of a natural hybrid 
which occurred at Ottawa. During the last few years at University 
Farm, St. Paul, at least 2 to 3 per cent of natural crossing in wheat has 
occurred in the plant-breeding plots. Cutler (1919) mentions frequent 
natural crosses at Saskatoon, Canada. Garber and Quisenberry (1923) 
concluded that in 1921 natural crossing occurred in winter wheat grown 
in experimental plots near Morgantown, W. Va., to the extent of less 
than 1 per cent. Percival (1921) concludes that many so-called sports 
in wheat originated as natural hybrids. 

Barley.—Barley frequently is self-fertilized while the spike is in the 
sheath. In some varieties of six-rowed barley the lateral rows overlap 
in such a way as to form a single row instead of two rows at each edge 
of the rachis, as in the other six-rowed varieties. Fruwirth (1909) 
observed natural crosses in six-rowed barleys and concluded there was 
practically no crossing in six-rowed forms. He records the observations 
of Rimpau, who noted only eight suspected natural crosses in barley 
after growing 40 varieties side by side for a period of eight years. Harlan, 
after several years^ observation at University Farm, Minn., noted only 
two or three natural crosses. Barley probably, therefore, crosses much 
less frequently than does wheat. 

Oats. —The form of the individual flower of oats is very similar to 
that of wheat and barley. Tschermak (1901) reports four natural crosses 
observed by Rimpau, and Fruwirth (1909) records five or six crosses 
observed by Rimpau after cultivating 19 varieties side by side for eight 
years. A natural cross between a variety of Avena derilis and A. nuda 
was noted by Pridham in 1916. 

Results of recent experiments by Stanton and Coffman (1924) 
give accurate information as to the amount of crossing which occurred 
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in 1922 between varieties of oats grown in adjacent row plots at Akron, 
Colo. They grew black- and white-grained varieties in alternate rows 
and made a determination of the percentage of natural crossing where 
white-grained plants were the mother variety and where they were 
naturally pollinated with pollen from black varieties. It was found 
that varieties differed considerably in this respect as the number of 
aberrant types which were found in lowar as a result of natural crossing 
was 0.97 per cent, while the aberrant t 3 ^s in three other varieties varied 
from 0.10 to 0.33 per cent. Stanton and Coffman mentioned the fact 
that Livermore, of Cornell University, conducted a similar test at Ithaca, 
N. Y. His results indicated that natural crossing did occur but the actual 
extent of its occurrence was not determined. 

Griffee and Hayes (1925) studied natural crossing in oats at Univer¬ 
sity Farm, St. Paul, Minn., by growing black- and white-grained varie¬ 
ties, which flowered at approximately the same time, in alternate rows. 
The extent of natural crossing for the years 1921 and 1922 varied with the 
variety. The percentage of aberrant types ranged from 0.04 per cent 
in Victory to 1.4 per cent in Kanota. It appears reasonable to conclude 
that natural crossing is at least twice as great as indicated by the off types 
which were observed. The extent of crossing in Kanota is sufficient to 
emphasize the necessity of roguing varieties grown in adjacent plots if 
they are to be kept pure. 

Tobacco.—In the tobacco plant the flowers are frequently visited by 
insects and some natural crossing doubtless takes place. As a rule, 
only one variety of tobacco is grown in a locality. Howard and others 
(19106, c), in India, concluded that there is between 2 and 3 per cent 
crossing in tobacco. They emphasize the necessity of producing arti- 
fically self-fertilized seed. In breeding experiments, artifically selfed 
seed is generally used and, therefore, few records regarding the degree of 
cross-pollination are available. As it is so easy artifically to self-pollinate 
tobacco and as each flower produces many seeds (98,910 seeds per plant; 
Jenkins, 1914) the amount of natural cross-pollination is of little breeding 
importance. 

Rice.—In rice the inflorescence is a terminal panicle of perfect flowers. 
The one-flowered spikelet has a branched stigma and six stamens. The 
lodicules are strongly developed. Fruwirth (1909) observed the period 
of blooming in rice and found that 30 seconds elapsed from the time one 
flower began to open until it was fully open. Dehiscence of the anthers 
occurred about 7 minutes later and the flower closed 3 hours afterwards. 

Jones (1924) has reviewed the literature of the time of blooming of 
rice flowers. In some countries blooming occurs before 10 a.m., while 
in California, Jones noted that three-fourths of the rice flowers observed 
bloomed between 12 m. and 2 p.m. and a greater proportion of the flowers 
bloomed between 2 and 4 p.m. than before 12 m. 
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In rice, self-pollination is the usual method, although opportunities 
for crossing occur. Hector (1913) thinks crosses may occur at a distance 
of not more than 2 feet by the agency of the wind. In lower Bengal 4 
per cent of crossing was estimated. Ikeno (1914) observed no cases of 
xenia in 15,000 kernels from 190 families which were examined, although 
adjacent rows were planted to such varieties that the immediate effects 
of cross-pollination could be observed. When common rice seeds are 
treated with iodine, the starch grains are stained blue while glutinous 
rice shows a red color when similarly treated. Xenia occurs, blue color 
being dominant over red, when glutinous rice is pollinated by common 
and the iodine test applied. Fifteen thousand kernels from 190 panicles 
were examined and no Xenia was found. Thompstone (1915), in upper 
Burma, finds that pollination usually occurs before the glumes open; 
however, hybrids were frequently observed in fields of ordinary rice. 
Parnell and others (1917) observed the amount of natural crossing in 
pure green plants surrounded by others which possessed seed with a purple 
tip. A total progeny of nearly 15,000 plants grown from seed produced 
by the green plants were observed, more than 2,000 plants being studied 
in each of five different families. The percentage of crossing varied 
from 0.1 per cent in one variety to 2.9 per cent in another. Alkemine 
(1914) states that cross-pollination occurs if the anthers, on account of 
unfavorable environmental conditions, do not assume their natural posi¬ 
tion. This happens when the stigmas protrude from the glumes and take 
a pendent position before anther dehiscence takes place. Suzuta and 
Tomura (1925) observed 0.9 to 1.45 per cent of hybrids in varieties of 
lowland rice grown in adjacent rows. 

Peas and Beans. —Piper (1912) finds that natural crossing in the cow- 
pea occurs but rarely in most localities. At Arlington Farm, in the 
experimental plots, instances of natural crossing have been observed. 
In some instances, natural crossing occurs more frequently. Thus, an 
Indiana farmer, who originally grew only eight varieties, found after 
several years that he had over 40 types. The new types. Piper concluded, 
were the result of natural crosses. Similar crosses have been observed at 
the Michigan Station. Harland (1919) has recorded a supposed case of a 
natural cross which occurred in one of his hybrid cowpea families. 

Natural hybrids of soybeans have been observed at the United States 
Experimental Farm in Virginia and also at the Kansas Experiment Sta¬ 
tion (Piper, 1916). They were detected by the peculiar color of their 
seed. Woodworth (1922), by alternating plants of different varieties, 
concluded that there was 0.16 per cent of natural crossing in the soybean 
varieties studied. At the West Virginia experiment station (Garber and 
Odland, 1926) the extent of natural crossing which produced contamina¬ 
tion between varieties grown in rows 30 inches apart was 0.14 of 1 
per cent in 1922 and 0.36 of 1 per cent in 1923. 
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Although horticultural peas and beans are largely self-pollinated, 
cross-pollination does occasionally occur. Howard and others (1910a) 
give observations in India which indicate natural crosses both in garden 
and field peas. 

Tomatoes.—Jones (1916) planted alternate plants of dwarf and 
standard varieties of tomatoes 3 feet apart in a field. Seed from the 
dwarfs was tested the following year. As standard habit is a dominant 
character, pollen from a standard plant fertilizing a dwarf would give a 
standard in Fi. 

A total of 2,170 plants were grown from seed of dwarfs and 43 proved 
to be standards. This is practically 2 per cent. As there was nearly as 
great opportunity for dwarfs to be crossed with dwarf pollen, it would 
seem that between 3 and 4 per cent of crossing occurred in this 
experiment. 

Lesley (1924) in a similar experiment conducted at the Citrus Experi¬ 
ment Station, Riverside, Calif., obtained 4.9 per cent cross-fertilization 
for the variety Magnus and 0.59 per cent for Dwarf Champion. He 
concluded that there was a varietal difference. 

OFTEN CROSS-POLLINATED PLANTS 

Certain crops, as has been noted, are usually self-pollinated and other 
crops are normally cross-pollinated. There are, however, numerous 
crops in which there is a relatively high percentage of self-pollination 
and in which cross-pollination is also rather frequent. These crops can 
be bred in the same manner as self-fertilized crops but some method of 
isolation must be used to insure self-pollination. The most important 
crops which are discussed here are grain sorghums, cotton, alfalfa, white 
sweet clover, and certain of the grasses. 

Grain Sorghums.—Ball (1910) states: 

All sorghums are adapted to open or wind pollination and most of them are 
probably adapted to self-fertilization. In adjacent rows of different varieties 
flowering on approximately the same date, as high as 50 per cent of the seed pro¬ 
duced by the leeward row was found to be cross-pollinated. It is probable that in 
a fairly uniform field of any given variety a similar percentage of natural crosssing 
takes place. 

Graham (1916), in India, made a careful study of the amount of 
cross-fertilization in the Juar plant {Andropogon sorghum Brot.). Cross^ 
ing was more frequent in the looser types of inflorescence than in the 
compact types. Single-plant cultures were used for the study, which 
extended over a period of 7 years. The percentage of crossing obtained 
by counting a given number of plants and noting those which were untroe 
to t 3 rpe gave 97 plants out of 1,577 (6 per cent) in the loose-headed type 
and only two plants out of 292 (0.6 per cent) in the compact type of 
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panicle. Preliminary studies were made by Karper and Conner (1919) 
of the amount of cross-pollination in plants of white milo which were 
found growing in a plot of yellow milo. The yellow and white varieties 
flowered simultaneously. Forty-one heads of white milo which had been 
surrounded by yellow milo were planted the following year. An average 
of 6 per cent of natural crossing in plants so surrounded was noted. 

Sieglinger (1921) observed the extent of cross-pollination at the 
Woodward Field Station, in 1919, between adjoining rows of standard 
yellow and standard white milo. The two varieties differ only in seed 
color. The progeny of the white milo plants were grown and 270 yellow- 
seeded plants were observed in a total of 5,125 which indicated 5.38 
per cent of the white milo was fertilized by pollen of the yellow-seeded 
variety. Swanson (1923) studied the frequency of cross-pollination in the 
F 2 generation of crosses of feterita X Red Amber in which segregation 
for midvein color was obtained. White midvein is dominant to dull 
grey and one factor difference is involved. Grey midvein plants should 
breed true in Fa if self-pollination is the rule. An Fz progeny of grey mid¬ 
vein F 2 plants was studied and 2,816 produced grey midveins and 597 
produced white noddveins. Thus 17.48 per cent of the plants were off 
types and resulted from cross-pollination. 

Cotton.—Because of the rather wide differences in the frequency 
of cross-pollination observed by different investigators, it appears that 
varietal differences are one probable cause for the discrepancies. 

Leake (1911) observed 5 per cent of natural crossing in India; Webber, 
as a result of studies in southeastern states, concluded that ordinarily 
5 to 10 per cent of the seeds are the result of cross-pollination; while 
Balls (1912) found that in a field of Egyptian cotton 6 to 10 per cent of 
plants which resulted from cross-fertilization were obtained. 

Kearney (1923) has reviewed much of the literature of the extent of 
natural cross-pollination in cotton and has presented new evidence. He 
says: 

The three principal types of cotton grown in the United States, upland, sea 
island, and Egyptian, although very different in their botanical characters, inter¬ 
cross readily. 

Kearney finds that when two varieties are grown in close proximity and 
where pollinating insects are abundant, that the proportion of natural 
hybrids seldom exceeds 20 per cent and is often much lower. Upland 
cotton produces more natural hybrids than Egyptian. 

Alfalfa. —Piper and others (1914) working with alfalfa have found 
about the same percentages of seed set when a flower was self-pollinated 
as when it was crossed with pollen from flowers on the same plant. When 
cross-pollination was practiced, approximately 50 per cent more seed was 
obtained than from self-fertilization. They also found that pollen of 
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Medicago falcata was as efficient in fertilizing M. sativa as pollen from 
other sativa plants. 

Waldron (1919), in North Dakota, planted together in equal numbers 
two species of Medicago, sativa and falcata. Seeds from each of the 
species were planted the following year and the number of hybrids noted. 
From M. falcata 42.7 per cent of hybrid plants were obtained and from 
the M, sativa seed about 7.5 per cent. A part of the difference in the 
results is doubtless due to the fact that the falcata plants produce a smaller 
number of flowers and are procumbent to prostrate in habit. 

White Sweet Clover, Melilotiis Alba. —There is some difference of 
opinion regarding the extent of cross- and self-fertilization in white sweet 
clover. Coe and Martin (1920) state that Kirchner and Kerner find that 
self-pollination generally occurs and that cross-pollination is not necessary 
for the production of seed. In experiments performed by Coe and Martin, 
individual racemes were covered with cheesecloth to protect them from 
insect pollination and seed setting was compared with unprotected 
racemes. The studies were carried on at Ames, Iowa, and Arlington, Va., 
and in both cases the percentages of flowers that set seed were very low 
on covered racemes, averaging 2.9 per cent, while 66.51 per cent of the 
flowers of unprotected racemes set seed. 

Elders (1925) carried on a similar study at University Farm, St. 
Paul, Minn. The racemes were covered with parchment paper bags 
and seed setting compared with that on uncovered racemes. White 
sweet clover set seed readily xmder these conditions. Kirk (19256) 
enclosed racemes of white sweet clover in cotton cages. He obtained 
an average of 34.91 pods per raceme when enclosed in cages as compared 
with 66.43 pods per raceme for open-pollinated plants. Kirk says: 

Melilotus alba is highly self-fertile and will set seed freely without the visitation 
of insects. Self-fertilization may be the rule, but not necessarily so, under field 
conditions in Saskatchewan. 

Grasses. —Certain of the grasses are highly self-fertile under condi¬ 
tions of isolation while other grasses are self-sterile or partially so. As 
little data are available by which to determine the extent of cross- or 
self-fertilization under normal field conditions, it seems best to treat all 
grasses considered at one time. 

Certain of the crops discussed in the naturally cross-pollinated group 
may belong to the naturally selfed or often cross-pollinated group. 

NATURALLY CROSS-POLLINATED PLANTS 

Maize*—Maize has been placed at the head of the cross-pollinated 
group, as crossing is its normal form of reproduction. Fruwirth (1909) 
found a setting of 24 per cent in unenclosed com plants when far enough 
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from other plants to prevent crossing. Knuth (1909), in similar experi¬ 
ments, found 16 per cent selfing on the upper ear and 4 per cent on the 
lower. Preliminary exp>eriments have been made by planting corn with 
a recessive endosperm color in a field of a variety with a dominant endo¬ 
sperm character. Self-fertilization in these experiments was probably 
less than 5 per cent (Waller, 1917; Hayes, 19186). 

Kiesselbach (1922) conducted careful studies of the extent of cross¬ 
pollination of 40 plants of white dent distributed in a field of yellow dent. 
Only 0,7 per cent of the kernels were actually selfed under natural field 
conditions. 

Rye.—The flowers of rye are very similar to those of wheat and bar¬ 
ley. According to Hildebrand the anthers project between the partly 
closed glumes until the bases protrude. They then tip over and dehisce, 
spilling part of the pollen outside the flower. Being lower than the stigma 
the pollen cannot reach the stigma of the same flower. There is some 
evidence (Ulrich, 1902; Fruwirth, 1909) which indicates that the rye 
flower is self-sterile, but that the spikelet is not necessarily so. Studies 
by Brewbaker prove that one individual floret can produce seed when 
self-fertilized. 

Heribert Nilsson (1916, 1919) isolated lines of Petkuser which were 
highly self-sterile. Approximately 1 or 2 lines out of every 100 tested 
proved self-fertile. 

A waxless rye, which can be easily distinguished from normal rye by 
the bright-green color of the leaves and stem and which behaves as a 
simple Mendelian recessive to normal, was used as an indicator of the 
extent of cross-pollination. Single waxless plants planted at a distance 
of approximately 60 meters from a 3,500-square meter plot of normal rye 
showed vicinism to the extent of 54.4 per cent while a plot of twenty 
waxless plants at the same distance from the plot of normal plants were 
cross-pollinated to an extent of 37.3 per cent. 

Clovers.—It has been pointed out that white sweet clover, Melilotus 
alba, sets seed freely under conditions of self-pollination. Elders (1925) 
and Kirk (1925) find that yellow sweet clover, Melilotm officinalis, set 
very little seed in racemes enclosed in cotton or parchment covers and 
Elders found that Hubam sweet clover, Melilotus alba annua, reacted in a 
similar manner to yellow sweet clover. 

Fergus (1922) and Kirk (1925a) artificially self-pollinated heads of 
red clover. The method consisted of bagging the heads singly, just as 
the petals were beginning to show. After 48 to 60 hours the bags were 
removed and heads rolled gently between the thumb and fingers. The 
conclusion was reached that some lines were highly self-fertile. Williams 
(1925) believes red clover to be self-fertile to a slight extent and agrees 
with Fergus and Kirk that the degree of self-sterility varies with differ¬ 
ent plants. Williams, however, concludes that owing to the small 
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amount of seed set under conditions of self-pollination that the method is 
not practical for the breeder of red clover. 

Stmflowers.—It was believed formerly that sunflowers were self- 
sterile. Hamilton (1926) reports that some strains are highly self-fertile 
although the extent of cross- or self-fertilization under normal conditions 
is unknown. 

Grasses.—Some studies with grasses have been reported by Frand- 
sen (1917). Results obtained are given in Table XXIX. Some sterility 
is indicated by comparing the results of self-fertilization with those of 
cross-fertilization and natural pollination. Poa Jfertilis and Bromus 
arvensis appear self-fertile. Considerable self-sterility is indicated in 
orchard grass, timothy, and fescue. 

Table XXIX. —Pollination of Grasses 




Percentage seed setting 

Common name 

Scientific name 

Self¬ 

fertilizing 

Cross- 

fertilizing 

Free- 

flowering 

Orchard. 

Dactylis glomerata . 

1.3-11.5 

4.3-75.8 

50.0 

Tall meadow oat .. . 

Arrhenatheruni elaiius . 

5.4- 9.4 

47.9 

51.0 

Fescue. 

Festuca pratensis . 

3.6- 9.2 

17.8-54.0 

35.2-47.7 

Meadow foxtail 

Alopecurus pratensis . 

7.0-23.3 

29.0-69.5 

73 2 

Italian rye. 

Lolium multiflorum . 

10.3 


79.8 

Timothy. 

Phleum pratensis . 

0.8- 8.5 

52.0 

91.3 


Poa feriilis . 

59.7-06.8 

63.5-65.5 

70.4 

Brome. 

Bromus arvensis . 

66.6-80.0 

80.4 

77.2-89 2 


For several years pollination studies have been conducted at Univer¬ 
sity Farm, St. Paul, Minn., with several grasses. The work was origi¬ 
nally undertaken by a graduate student who started the study at Winnipeg 
under the direction of Prof. W. Southworth. The percentage of seed 
setting is presented in the following table: 


Table XXX.— Comparison of Seed Setting in Cages and of the Same Plant 

When Exposed 


i 

Grasses 

Seed set per panicle 

Bagged 

Exposed 

Agropyron tenerum (slender wheat). 

34.28 

55.61 

Dactylis glomercUa (orchard). 

22.83 

93.28 

Festuca pratensis (meadow fescue). 

13.04 

64.54 

Agrostis stolonifera (red top). 

145.68 

524.92 

Bromus tncrmis (brome).... 

5.25 

61.04 

i__ 



During the years 1923 to 1926, inclusive, grasses were started in the 
greenhouse and individual plants isolated by space isolation in the smell 
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grain nursery. Seed setting was compared with that obtained from plots 
consisting of several plants. The plan was changed in 1924 and individual 
plants of both high and low seed-setting lines were selected. 


Table XXXI. —Comparison op Seed Setting under Selp-pertilization (by 
Isolation) and under Cross-pollination Conditions 


Species 

Percentage 
seed setting 

Percentage seed setting, 

1925, isolated 

Exposed 

1 High line | 

Low line j 

Per cent 
setting 
1924 
parent 

Per cent 
progeny 

Per cent 
setting 
1924 
parent 

Per cent 
progeny 

Isolated 

Exposed j 

Agropyron tenerum . 

51.8 

51 8 

66.0 

59.2 

33 0 

55.9 

57.7 

Dactylis glomerata . 

6.1 

28 7 

7.0 

19.7 

0 5 

14.5 

6 1 

Festuca pratensis . 

2.3 

16.2 

5.3 

11.8 

0.2 

0 6 

16 8 

Agrostis stolonifera . 

4.8 

38.7 

21 0 

1.3 

0.4 

0.8 

0 8 

Bromus inermis . 

15.4 

34 7 

61.0 

6.0 

1 1 

1.5 

2 4 


The numbers of plants used were small, approximately six plants for 
each group being used each year. Agropyon tenerum appears self- 
fertile and there is some indication that lines differing in ability to set 
seed can be isolated in the other grasses. 

With timothy, sufficient seed is obtained from heads enclosed in 
parchment paper bags so that self-fertilization can be used in breeding 
work. Some lines, however, are highly self-sterile and others highly self- 
fertile (Hayes and Barker, 1922; Hayes and Clark, 1925). 

DICECIOUS PLANTS 

Some of the most important dioecious plants are hops, hemp, date 
palm, spinach, and asparagus. These plants are always cross-pollinated 
and may be handled by the breeder in the same manner as self-sterile 
plants of the cross-pollinated group. 

EFFECTS OF A CROSS IN NORMALLY SELF-FERTILIZED SPECIES 

A cross between closely related varieties frequently exhibits a quite 
marked increase in vigor when compared with the parents. This is a 
manifestation of the same phenomenon as decrease in vigor which is 
commonly the result of self-fertilizing a naturally cross-fertilized species. 
With self-fertilized crops it is usually not possible to utilize this increased 
vigor because the cost of producing crossed seed is too great. Examples 
of Fi crosses in tomato, tobacco, and wheat will be given. 

Table XXXII gives the comparative yields of first generation tobacco 
crosses and their parents. All crosses do not prove equally vigorous and 
a few give no increase as compared with the parental average. In general, 
however, the crosses show increased yields. As the tobacco flower 
produces many seeds, Houser (1912) believes the extra cost of production 
wohld not be prohibitive. Before this plan can be adopted commercially. 


< v'' y/ 
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extensive studies are needed to determine the value of particular f\ 
tobacco crosses. 


Table XXXII.— Relation of Yield per Acre between First Generation 
Htbrid Tobacco and the Parent Plants 


Average yield of parents, 
pounds 

Average increase of hybrid 
over parents, pounds 

Maximum increase of hybrid 
over parents, pounds 

800- 900 

260 

485 

901-1,000 

212 

464 

1,001-1,100 

185 

354 

1,101-1,200 

153 

315 

1,201-1,300 

153 

285 

1,301-1,400 

159 

239 

over 1,400 

156 

189 


Difference in yield of 
parents 

Average increase of hybrid 
over parents, pounds 

Maximum increase of hybrid 
over parents, pounds 

1-100 

197 

485 

101-200 

131 

181 

201-300 

189 

260 

301-400 

97 

360 

401-500 

164 

215 

over 500 

175 

465 


The vigor of Fi tomato crosses has received some study. The first 
extensive test was made by Wellington (1912) at the Geneva (New York) 
Station. A 3-year test was made under field conditions of a cross between 
Dwarf Aristocrat, a dwarf tomato, and Livingston Stone. Yields of the 
parents, the Fi, and the F 2 generations, are given. 

Table XXXIII.— Yields of Fruit in the Fi and F2 Generations of a Cross 
between Dwarf Aristocrat and Livingston Stone with the Parents 


Data taken 

Year 

Dwarf 

Aristocrat, 

pounds 

Livingston 

Stone, 

pounds 

pounds 

pounds 

Ripe fruit per plant. 


8.5 

12.3 

13.9 


Ripe fruit per plant. 


6.1 



KMiK 

Ripe fruit per plant. 


7.0 


13.2 

KuMiM 

Average. 


7.2 

11.5 

13.3 

11.0 

Total fruit per plant. 

1908 

14.8 


25.3 


Total fruit per plant. 

1909 

■Em 

17.7 


20.0 

Total fruit per plant. 

1910 


24.7 

27.7 

25.1 

Average. 

.... 

■b 

21.1 

24.3 

22.6 


Not so much interest is placed at the present time in the commercial 
value of such crosses as in the development of the principle involved. 
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Wellington believes the above cross of sufficient value to more than pay 
for the cost of producing crossed seed. 

Similar results were obtained at the Connecticut Station in a cross 
between Stone and Dwarf Champion tomatoes. The experiment was 
carried on for 4 years (Hayes and Jones, 1916). The lowest increase in 
yield over the better parent was 11 per cent and the highest 17 per cent. 
The cross averaged 15 per cent more fruit by weight than the better 
parent. 

In average weight of fruit, the cross exceeded the parental average by 
8 per cent. It approached the fruit number of the Dwarf Champion 
parent and exceeded the average fruit number of the parents by 8 per 
cent. The cross also matured somewhat earlier than the early parent. 
A cross between the standai^d varieties, Lorillard and Best of All, was also 
studied. The parents produced about the same average size and weight 
of fruit and the cross about the same as the parents. 

A determination of the comparative vigor of Fi wheat crosses and 
their parents was made by Fred Griffee (1921). For this purpose 
pure lines of T. duruniy T. dicoccum, and T. compactum were crossed with 
pure-line varieties of T. vulgare. Intervarietal crosses between pure lines 
of T, vulgare were also studied, as well as crosses between T. compactum 
with r. durum and T. dicoccum. 

A determination of the immediate effect of foreign pollen on size of 
seed was made. Parental plants were emasculated and then some of the 
spikes were artificially pollinated with pollen from other plants of the 
same pure line (incrossed seed) and, in another series, spikes were polli¬ 
nated with pollen from another variety or species (crossed seed). Only 
those crosses were compared in which the average date of pollination was 
about the same for the incrossed and crossed seed. Results are^ pre¬ 
sented in the following table: 


Table XXXIV.— Weight of Seed op Incrossed Parents Compared with Weight 

OP THE Immediate Cross 



5 

1 

» Parent 


-j 

Cross 






1 

Difference 

Name of cross 

Num- 

Average 

Num- 

1 Average 

cross-female 


ber of 

weight seed, 

ber of 

weight seed, 

parent 


seeds 

i 

milligrams 

seeds 

1 milligrams 


Marquis X Velvet Chaff... 

38 

12.6±0.5 

1 

48 

15.6±0.5 

-f3.0±0.7 

Marquis X Penny. 

38 

12.6±0.6 

24 

20.2±1.0 

+7.6±1.1 

Haynes Bluestem X Mar¬ 






quis . 

49 

17.2±0.8 

26 

23.5±0.7 

+6.3±1.1 

Little Club X Marquis.... 

39 

10.1±0.6 

50 

9.4±0.3 

~0.7±0,6 

Bmmer X Velvet Chaff.... 

44 

26.4±0.8 

24 

27.1±1.3 

+0.7±1.5 

Velvet Chaff X Mindum.. 

104 

19.9±0.6 

23 

15.9±0.6 

-4.0±0.8 

Emmer X little Club. 

44 

26.4±0.8 

15 

25.0±1.2 

~1.4±1.4 
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All three crosses between varieties of T. vulgare gave increases over 
incrossed seed. These appear significant in relation to the computed 
probable errors. Of the crosses between wheat species only one gave a 
difference which appears at all significant. In the cross between Velvet 
Chaff and Mindum the incrossed seed seems somewhat heavier in the 
light of the probable error than the crossed seed. These results show an 
immediate effect of pollination on seed size in crosses between varieties 
of T. vulgare. 

The emasculation and artificial pollination causes a reduction in 
seed size as compared with normally produced seed. Incrossed, normally 
produced seed and crossed seed were grown in the greenhouse under 
controlled conditions and the comparative vigor of parents and crosses 
was determined. As there were no significant correlations between size 
of seed planted (even when incrossed seed was compared with normal 
seed) and resultant plant vigor, the differences between the parents and 
crosses may be explained on the basis of inheritance. 

Average 3 deld of plants in grams of seed will be used as a measure of 
vigor (see Table XXXV). 


Table XXXV, —Average Yield per Plant op Fi Wheat Crosses and Their 

Parents 



Num- 



Num- 


Average 

Cross 

Name of one 
parent 

ber of 
indi¬ 
viduals 

Yield, 

grams 

Name of 
other parent 

ber of 
indi¬ 
viduals 

Yield, 

grams 

weight 

parents, 

grams 

Number 
of indi¬ 
viduals 

Yield, 

grams 

Marquis . 

15 

1.9 

Penny. 

36 

2.4 

2.2 

18 

2.7 

Marquis . 

15 

1.9 

Bobs. 

59 

3.0 

2.6 

65 

3.3 


38 

1.5 

Penny . 

36 

2.4 

2.0 

28 

2.6 

Velvet ChaflF. 

38 

1.5 

Bobs 

69 

3.0 

2.3 

92 

2.9 

Penny. 

36 

2.4 

Bobs. 

59 

3.0 

2 7 

23 

2.8 

Haynes Bluestem ... 

47 

2.4 

Marquis. . . 

15 

1.9 

2.2 

18 

2.5 

Marquis. 

15 

1.9 

Little Club. . 

46 

2.2 

2.1 

46 

2.3 

Velvet Chaff. 

38 

1.5 

Little Club. . 

46 

2.2 

1.9 

37 

2.5 

Average. 

1 30 

1.9 


45 

2.6 

2.2 

41 

2.7 

Littie Club. 

46 

2.2 

Emmer.. 

1 

1.1 

1.7 

9 

0.3 

little Club. 

46 

2.2 

Mindum .... 

40 

2.1 

2.2 

1 

1.0 

Marquis. 

15 

1.9 

Mindum. 

49 

2.1 

2.0 

13 

0.3 

Velvet Chaff. 

38 

1.6 

Mindum. 

49 

2.1 

1.8 

8 

1.1 

Velvet Chaff. 

38 

1.6 

Emmer. 

48 

1.1 

1.3 

23 

0.5 

Marquis. 

15 

1.9 

Emmer. 

48 

1.1 

1.6 

18 

0.6 

Average. 

33 

1.0 


49 

1.6 

1.8 

12 

0.6 


The crosses between varieties of T. vulgare and the crosses between 
T. vulgare and T. compactum gave in every case slightly greater yields 
per plant than the average of the parents. On the other hand, Ft crosses 
between durum or emmer varieties and varieties of common or club 
wheats were all significantly lower in yield than the parents. The low 
yields of these species crosses aie due in a large measure to sterSity for 
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there was an appreciably smaller setting of seeds in the crosses than in 
their parents. 

Crosses between distinct species of self-fertilized plants have been 
carefully studied in the tobacco genus, Nicotiana. Results obtained 
may be summed up as follows (East and Hayes, 1912): 

(a) plants so different that they will not cross; {h) crosses that produce seed 
that contain no proper embryo; (c) crosses that produce seed with embryo, but 
which go no further than the resting stage of the seed; (d) crosses less vigorous 
than either parent; (e) crosses more vigorous than the average of the parents; and 
(/) crosses more vigorous than either parent. 

Apparently in wide crosses the normal physiological processes are 
interfered with. The statement is frequently made that this is due to 
lack of compatibility between the parents. Incompatibility is corre¬ 
lated apparently with differences in hereditary qualities which are in 
turn dependent upon differences in numbers or quality of chromosomes 
or both. 

EFFECTS OF ARTIFICIAL SELF-FERTILIZATION AND CROSS-FERTILIZA¬ 
TION IN OFTEN CROSS-POLLINATED PLANTS 

The F\ crosses between sorghums of the various classes, such as 
kafirs, milos, or feteritas, were found to exhibit extraordinary hybrid 
vigor, while crosses within a class, z.c., an Fi cross between two varieties 
of milo, showed little or no hybrid vigor (Conner and Karper, 1923). 
The same writers (1924) found that kafir could be inbred for many 
years without loss of vigor which they state gives the breeder of sorghums 
an unusual opportunity to establish and distribute highly productive 
lines. Kearney (1923) has presented similar results for Pima cotton. 
Strict inbreeding by artificial self-fertilization during five to seven gen¬ 
erations caused no reduction in vigor. Kearney says: 

The inbred families were not inferior to the continuously open-pollinated 
stocks in viability of the pollen; number of ovules; daily flower production; per¬ 
centage of bolls retained; size, weight, and seed content of the bolls; weight and 
viability of the seeds; and abundance of fiber. 

From these conclusions it appears that members of the “often cross- 
pollinated group'' can be bred in the same manner as self-fertilized 
crops except that some method of controlling cross-pollination and insur¬ 
ing self-fertilization must be used. 

EFFECTS OF SELF-FERTaiZATION IN NORMALLY CROSS-FERTILIZED 

PLANTS 

This subject will be studied in relation to the specific outline for breed¬ 
ing some normally cross-fertilised plants, such as maize and rye. A few 
will be pre 3 ented in order to illustrate the general results. The 
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theoretical explanation is given, as an appreciation of these phenomena is 
essential in obtaining a correct plant-breeding perspective. 

The most extensive studies made have been those with maize. As this 
crop is almost entirely cross-pollinated under natural field conditions, 
it is an admirable one to contrast with self-fertilized plants. Table 
XXXVI presents differences in yield and height obtained at the Connecti¬ 
cut Station with four self-fertilized strains of Learning Dent. These 
strains were grown only in small plots, therefore differences are only 
indicative of the general results which may be expected. Crosses between 
individual plants within a strain that had been selfed 6 or 7 years, were 
not appreciably more vigorous than the progeny of self-fertilized seed. 
These strains also differ in other characters, such as shape of ear, width of 
leaf, and color in various organs. One strain of Learning Dent No. 1-12 
was self-fertilized for about 7 years. It produced well-developed tassels 
but few ears and was eventually lost. 

Table XXXVI. —The Effect op Inbreeding on the Yield and Height op Maize 


The four strains 


Year 

JNumDer 

of 

genera¬ 

tions 

selfed 

1-6-1-3, etc. 

1-7-1- 

1, etc. 

1-7.1-2, etc. 

1-9-1-2, etc. 

grown 

Yield, 
bushels 
per acre 

Height, 

inches 

Yield, 
bushels 
per acre 

Height, 

inches 

Yield, 
bushels 
per acre 

Height, 

inches 

Yield, 
bushels 
per acre 

Height, 

inches 

1916 

0 

74.7 

117.3 

74.7 

117.3 

74.7 

117.3 

74.7 

117.3 

1906 

0 

88.0 


88.0 


88.0 


88 0 


1906 

1 

59 1 


60.9 

1907 


60.9 

1907 


42.3 


1908 

2 

95.2 


59.3 

1908 


59.3 

1908 


61.7 


1909 

3 

57.9 


46.0 


69.7 


35.4 


1910 

4 

80.0 


68.2 


68.1 


47.7 


1911 

6 

27.7 

86.7 

25.4 

81.1 1 

41.3 

90.6 

26.0 

1913 

76.5 

1912 

6 




j 



38.9 

1914 


1913 

7 

41.8 


39.4 




45.4 

1915 

85.0 

1914 

8 

78.8 

96.0 

47.2 

83.5 

68,6 

88.0 

21.6 

1916 


1916 

9 

25.5 


24.8 




30.6 

1917 

78.7 

1916 

1917 

10 i 

32.8 

46.2 

97.7 

103.7 

32.7 

42.3 

84.9 
78.6 i 

19.2 

37.6 

86.9 

83.8 

31.8 ] 

82.4 


From these and other results (Jones, 1918) it is apparent that selfing 
in maize produces: 

1. Strains which cannot be perpetuated. 

2. Strains which can be perpetuated only with difficulty. 

3. Strains which exhibit normal development but vary in amount of growth 
attained. 
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Whether selfed strains of maize can be obtained which yield as much 
as normal varieties is an unanswered question. Strains of timothy which 
have been selfed for 3 years at University Farm have yielded as well and 
are more uniform than commercial varieties. Similar results have been 
obtained by McRostie (1924), and Hamilton (1926) has recorded strains 
of sunflowers which have been selfed for 5 years and which are as vigorous 
or more so than commercial varieties. 

EXPLANATION OF HYBRID VIGORS 

The studies of the early hybridizers, Koelreuter, Gartner, Knight, 
and others, gave results which can be summed up in a single sentence as 
follows (East and Hayes, 1912) : 

Crosses between varieties or between species often give hybrids with a greater 
vegetative vigor tlian is possessed by either parent. 

Darwin made extended and careful studies of the effect of cross- and 
self-fertilization in plants. He conclusively proved that, in general, there 
is an advantage in cross-fertilization. While he noted some self-fertilized 
families he believed these would eventually perish. Lacking as he did a 
knowledge of Mendelian phenomena it was impossible for Darwin to 
develop as logical an explanation of these results as exists today. Darwin 
thought the results could best be explained by the nature of the sexual 
elements rather than in the act of crossing. 

Several explanations of hybrid vigor have been advanced since the 
rediscovery of MendePs law. In all cases heterozygosis has received 
a major place in the explanation. The results of these studies have been 
summed up as follows (East and Hayes, 1912): 

1. The decrease in vigor due to inbreeding naturally cross-fertilized species 
and the increase in vigor due to crossing naturally self-fertilized species are mani¬ 
festations of one phenomenon. This phenomenon is heterozygosis. Cross¬ 
ing produces heterozygosis in all characters by which the parent plants differ. 
Inbreeding tends to produce homozygosis automatically. 

2. The phenomenon exists and is, in fact, widespread in the vegetable 
kingdom. 

3. Inbreeding is not injurious in itself, but weak types kept in existence in a 
cross-fertilized species through heterozygosis may be isolated by its means. Weak 
types appear in self-fertilized species, but are eliminated because they must stand 
or fall by their own merits. 

Biologists commonly believe that internal or external agencies do 
occasionally modify the germ plasm. It is also commonly accepted that 
somatic modifications do not impress themselves upon the germ plasm. 

^ A recent monograph by East and Jones (1919) presents in a clear and concise 
way the effects of inbreeding and cross-breeding in the light of modem theories of 
genetics. This publication has been used very freely in this section. 
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From the facts of segregation, as explained by the Mendelian law, and 
the acceptance of the theory of factor stability, what may be expected in 
self-pollinating a naturally cross-fertilized plant, such as corn, or what 
will result in later generations after making a cross in naturally self- 
fertilized plants, may be considered next. 

Several slightly different formulae have been advanced to show the 
theoretical expectation. The simplest formula for the percentage of 
homozygous types in any generation following a cross between different 


forms is 




In this formula n is the number of segregating 


generations which has elapsed since the cross was made and m is the 
number of separately inherited allelomorphic pairs of factors involved. 
In self-fertilized organisms this would not absolutely hold unless all the 
progeny of each genotype were equally productive numerically. 

If linkage is involved this modifies the numbers of homozygous 
individuals of the different classes but the percentage of homozygosis is 
the same as for independent Mendelian inheritance (Wright, 1921). 

In artificially self-pollinating naturally cross-pollinated plants, such 
as corn, it is theoretically possible to select a completely heterozygous 
individual in each generation for self-fertilization and thus obtain no 
reduction in heterozygosis. Jones (1919) has worked out theoretical 
curves for 1, 5, 10, and 15 allelomorphic pairs of factors for from one to 
10 generations of self-fertilization following a cross. 

Some facts regarding the effects of self-fertilization in generations 
following a cross are apparent from a consideration of this figure. When 
only a single allelomorphic pair is concerned, the first generation of selfing 
reduces the percentage of heterozygous individuals by half. When a 
number of factor pairs are concerned reduction of the percentage of 
heterozygous individuals is comparatively slow for the first few years of 
selfing. At the end of 10 years the percentage of heterozygotes is very 
low whether the initial cross was heterozygous for 15 allelomorphic pairs 
or for a single allelomorphic pair. From the above discussion it is 
apparent that after several years of self-fertilization following a cross 
between different varieties a large percentage of the plants are homozy¬ 
gous and will breed true for their characters if self-fertilization is continued. 
The number of different biot 3 rpes which can be isolated from a cross 
depends upon the number of allelomorphic pairs of factors involved and 
their linkage relations. 

Formerly, the heterozygous condition was believed to carry with it 
an increased developmental stimulus. It was also believed that this 
stimulus was greater when the mate to an allelomorphi pair was lacking 
than when both were pr^nt. The physiological cause of this growth 
stimulus was not known although it was recognized that ^Hhe greater the 
degree of heterozygosis the greater is the vigor of the resulting plant 
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(East and Hayes, 1912). A considerable number of studies showed that 
the rapidity and amount of cell division was increased. 

A Mendelian explanation of this growth stimulus, which is so frequently 
found in crosses, has been advanced. Jones (1918) has explained the 
vigor of Fi which has been called heterosis on the basis of dominance and 
linkage. In comparing crosses with their parents, it is quite common to 
find that the Fi generation has a higher value for nearly every growth 
character than has the average of the parents. Modern geneticists 
recognize that each character is due to the interaction of many inherited 



Fio. 16 .—The percentage of heterozygous individuals and the percentage of heterozy¬ 
gous allelomorphic pairs in the whole population in each generation of self-fertilization. 
{Alter Jones.) 


factors. If each growth factor gives as great an effect when 
heterozygous as when homozygous, or proves partially dominant when 
heterozygous, it would be easy to explain heterosis by the actual phys¬ 
iological growth development which is a part of the normal expression 
of particular inherited factors. Such an explanation was formerly 
advanced to account for heterosis but was considered unreliable, as it 
was difficult to account for the almost universal decrease in vigor when 
such i^ants as maize were selfed. This can be explained by the facts of 
linkage, as it is possible to have a greater number of different growth 
factors present in a heterozygous than in a homozygous individual. 
The exfdanation has much in its favor. 
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The difficulty of obtaining all desirable growth factors in one homozy¬ 
gous individual is that there are many undesirable genetic factors and 
these are linked in the same chromosome with desirable factors. The 
elimination of the undesirable leads naturally to the loss of some of the 
desirable. 


A CLASSIFICATION OF METHODS OF BREEDING 

It has been emphasized that there is a close relation between the nor¬ 
mal mode of reproduction and pollination of a crop and methods of crop 
improvement. It is impossible, obviously, to breed self-sterile crops 
in the same manner as self-fertile ones. A monoecious plant like corn 
can be handled in a different manner than plants which produce perfect 
flowers. If vigorous selfed lines can be obtained in cross-pollinated 
plants, a somewhat different procedure may be followed than where 
selfing leads to great reductions in vigor. While special methods of 
breeding will be featured in relation to the discussion of individual crops, 
it appears desirable to outline methods in relation to the particular type 
of crop and problem concerned. 

Breeding methods may be classified as follows: 

1. Introductions. 

2. Selection. 

a. Mass selection : 

(1) In self-pollinated crops. 

(2) In cross-pollinated crops. 

(3) In dioecious crops. 

&, Indi\ddual plant selection. 

(1) In self-pollinated crops. 

(2) In cross-pollinated crops (line breeding) without con¬ 
trol of pollination. 

(3) In artificially self-pollinated lines. 

(4) In dioecious plants. 

(5) In clonally propagated lines. 

3. Hybridization. 

а. Crosses in self-pollinated crops. 

б. Crosses of artificially self-pollinated lines. 

(1) Single crosses . 

(2) Double crosses. 

(3) Synthesized varieties, 
c. Varietal crosses. 

Introductions*—New and improved crop plants are obtained by the 
cultivation of wild species, by the introduction of crops and varieties 
from foreign countries, and by the breeding of improved sorts* The 
present important crops grown in the United States were largely of for¬ 
eign origin, although potatoes, cotton, com, and tobacco originated in 
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the Western Hemisphere. Many of our crops were introduced by the 
early settlers, others are of more recent introduction. Examples of more 
recent introductions are soybeans and velvet beans from the Orient, the 
date palm from Africa and Mesopotamia, the fig from Asia Minor, and 
the navel orange from Brazil. The tepary bean, Phaseolus acutifolius, 
was raised many centuries ago in the arid Southwest by the Indians 
occupying these regions. It has been found to be a valuable plant for 
these regions. Sunflowers, native to this continent, are now being used 
for ensilage in regions where corn is not especially well adapted (Jones, 
1925). 

The Office of Foreign Seed and Plant Introduction, of the United 
States Department of Agriculture, conducts an organized search for new 
crop plants and for improved varieties in all regions of the world. Native 
wild species are also studied with the hope of obtaining new sources of 
material. 

Because of the danger of introducing harmful fungous and insect 
pests, definite regulations for the introduction of plants and seeds have 
been made. Regulations are drawn up by members of the Federal 
Horticultural Board and Service and Regulatory announcements are 
published from time to time (see, for example, Marlatt and others, 1925). 
Quarantine regulations regarding the importation of stocks and seeds 
from foreign countries have been developed. Quarantine No. 37 is of 
most interest to the crop investigator. Under this law, field, vegetable, 
and flower seeds may be imported without restriction. Under Quaran¬ 
tine No. 39, however, restrictions regarding the importation of rice, 
wheat, oats, barley, and rye were made to guard against two dangerous 
plant diseases, Urocystis tritici, flag smut; and Ophiobolus graminiSj 
take-all. Other quarantine regulations have been and will be drawn up 
from time to time for the purpose of protection against diseases and 
insect pests. 

These quarantine regulations are of real value and should be adhered 
to scrupulously. Special permits may be granted for importation of 
seeds for breeding purposes when this is necessary. 

New introductions of certain crops are studied by various officers 
of the Bureau of Plant Industry, United States Department of Agricul¬ 
ture. Thus the federal department takes the lead in trying out new crops 
and varieties although in some cases certain state experiment stations 
have conducted studies of great importance in this field. 

Selections. Mass Selection in Self-pollinated Crops, —Mass selection 
is used by most breeders of self-fertilized crops as a means of keeping 
the variety pure. It consists either of selecting a large number of typical 
spikes, heads, or panicles; or, if the number of off-type plants is not very 
great they may be discarded by roguing. The latter procedure is an 
important step in the carrying on of a hand-selected seed plot. Mass 
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selection of self-fertilized crops is not so rapid or scientific a method as 
individual plant selection. Before modern principles of genetics were 
known and prior to the discovery of the pure-line hypothesis, mass selec¬ 
tion was one of the usual methods used by the trained breeder. 

Mass Selection in Cross-pollinated Crops, —Many improved varieties 
of cross-fertilized crops have resulted from mass selection although individ¬ 
ual-plant selection and some system of controlling pollination are taking 
the place of the previous methods. Grimm alfalfa is a good example of 
the production of an improved variety by mass selection. Nature 
was the selection agent in this case (see Alfalfa). Many of the standard 
varieties of corn have been produced by farmers and mass-selection 
methods have been used rather largely. Familiar examples are Reid^s 
Yellow Dent and Learning. In fact, mass selection is the method which 
many trained breeders are recommending that the farmer use in keeping 
an adapted variety in a constant state of improvement. Dioecious 
plants may be bred in the same manner by mass selection as monoecious 
types and those which produce perfect flowers. 

Individual-plant Selection in Self-pollinated Crops, —This method has 
been and will, without doubt, continue to be an important means of 
obtaining improved varieties of self-pollinated crops. It is the application 
of the pure-line hypothesis discovered by Johannsen. Several illustra¬ 
tions are given in a later chapter of improved varieties which were 
obtained by this method. It is essentially the first step after learning 
which are the better commercial varieties. It is the logical method to 
use if variations of the desired sort are already present in the variety. 
Nature produces the hereditary variations and the breeder isolates them 
by individual-plant or head selection. Natural crosses are one source of 
hereditary variations in self-fertilized crops although mutations do 
occasionally occur. 

The individual-head or plant method consists of selecting several 
hundred heads or plants, propagating the progeny of each separately, 
making comparative-yield trials, and increasing the more promising 
variety or varieties for distribution. 

Individual-plunt Selection in Cross-pollinated Crops, —The progeny 
test or Vilmorin's isolation principle recognized that the only sure method 
of knowing the breeding value of a crop was the progeny test. With 
cross-pollinated crops, selections are made on the basis of the mother plant 
and selection practiced later in the more promising lines. Individual- 
plant progenies may be line^bred by isolating the strains a considerable 
distance apart largely to prevent crossing between them; or they may be 
allowed to out-cross with each other, as is commonly done in ear-to-row 
methods of breeding com. By the use of these methods improved 
varieties of com, rye, sugar beete, and other cross-pollinated crops have 
been obtained* 
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In Artificially Self-pollinated Lines. —Where it can be used advanta¬ 
geously, self-pollination is being tried out as a means of controlling the 
hereditary characters. By this method self-pollination is insured. 
Selection of desirable lines and plants within each line is made. After 
several years, lines which approach the homozygous condition are obtained. 
The many undesirable abnormalities present in some cross-pollinated 
plants can be eliminated and homozygous lines for disease resistance or 
for other characters may be isolated. Homozygous lines so obtained 
are of importance for fundamental physiological investigations and for 
the synthesis of improved varieties. 

In some crops, such as timothy, sunflowers, and rye, vigorous selfed 
lines have been obtained. If such can be isolated, single lines may be 
used for the production of an improved variety. With com it is difficult 
to obtain selfed lines which yield as well as normal varieties. The better 
selfed lines must be used, therefore, for the synthesis of improved varieties 
or for the production of Fi crosses. 

In Dioecious Plants. —For this group both male and female plants 
may be selected and the hereditary characters of the parents determined 
by the progeny test of certain crosses. When the progeny of a particular 
cross breed true for the characters desired the new variety can be increased 
for distribution. 

In Cloudily Propagated Lines. —Individual plant, tuber, or bud selec¬ 
tion in clonally propagated lines is for the purpose of separating a mix¬ 
ture of two or more clonal lines, the discard of diseased stock or the 
isolation of bud mutations. Mixtures occur frequently in clonal lines. 
As a rule, mass selection is used to discard diseased stock but individual 
selection is also practiced. The tuber-index method in potatoes consists 
in growing the progeny of a single eye, the discard of tubers which prove 
to be diseased by this test, and the increase of disease-free stock. 

Extensive selections are being made in citrus crops and in sugar cane. 
It is a common belief among breeders of these crops that inherited changes 
occur frequently enough so that much progress can be made by selection 
in clonally propagated lines. 

Hybridization. Crosses in Self-fertilized Crops. —^This is the Mende- 
lian mode of attack. Parents are selected on the basis of their characters 
and crosses are made between parent lines which in each case contain a 
certain desirable character or characters that the other lacks. Selection 
may be practiced until a considerable number of lines are apparently 
breeding true for the characters desired. Some few lines may be homozy¬ 
gous in Fz for all characters. In the hybridization studies at Minnesota 
with small grains no attempt has been made in recent years to obtain 
homozygous lines until Large populations are grown of each cross 
in F% and several hundred Fz lines are grown. This gives a greater oppor* 
tunity for selection than if smali progenies are grown in F% fuid a small 
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number of lines in Fa. After homozygous lines are obtained compara¬ 
tive-yield trials are made. 

The segregating lines are planted so that individual plants can be 
studied. Each progeny, in each generation until homozygosis is reached, 
is obtained by planting seeds from an individual plant, head, or panicle. 
The comparable-yield trials are obtained from bulk sowings of lines which 
appear homozygous. 

Crosses of Artificially Self-pollinated Lines.—A recent method of breed¬ 
ing in naturally cross-pollinated plants has been called ‘^selection in self- 
fertilized lines.Self-pollination is induced by isolation of individual 
plants and lines are selected on the basis of their performance. Several 
methods are being tried with corn for the use of these lines. Three of 
them, discussed here, are called single crosses, double crosses, and synthe¬ 
sized varieties. 

A single cross is the Fi progeny of two lines. In a double cross four 
lines are used. A double cross consists of the Fi progeny of two single 
crosses and has the advantage in corn that vigorous Fi crosses are used 
as parents. Both single and double crosses are being tried in corn with 
the idea of growing Fi hybrids as the commercial crop. 

Synthesized varieties are the result of random matings in the progeny 
of several selfed lines which are recombined. The method has the advan¬ 
tage over single or double crosses in that seed can be saved by the grower 
and that yearly crosses need not be made. The extent to which Fi 
crosses may be expected to be superior to synthesized varieties in yield¬ 
ing ability will depend on the relative yielding ability of pure lines and of 
Fi crosses, and the number of different lines used in the recombination. 

Varietal crosses are used extensively with horticultural crops which 
are frequently grown as clonal varieties. The genetic nature of the 
parents can be learned from the progeny of such crosses although, where 
possible, it may be desirable to determine the breeding value of a parent 
from the progeny of seed obtained by self-pollination. As a rule, varietal 
crosses are made for the purpose of obtaining certain desired combina¬ 
tions. They differ from pure-line crosses in that the parents are hetero¬ 
zygous and the Fi plants are unlike each other. Hybrid vigor is obtained 
in varietal crosses as well as with pure-line crosses. There is the possi¬ 
bility with certain croi>8, such as corn, that synthesized varieties may be 
used as parents and Fi varietal crosses grown as the commercial crop, 

SUMMARY 

The mode of pollination of a crop is important because the number 
and nature of the hereditary variations depends to a considerable extent 
on the frequency of cross- and self-pollination. In self-pollinated plants 
natural crosses occasionally occur and variatibn is induced. Self** 
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pollination after a cross leads rapidly, in later generations to homozy¬ 
gosis, and, as a rule, the progeny of individually selected heads, panicles, 
or plants of a variety breed true immediately. In the often cross-polli¬ 
nated group natural crosses are more frequent. It is more difficult to 
keep the variety pure than in self-pollinated plants. Some method of 
isolation of individual plants and of varieties must be used but, in general, 
the same plan of breeding is desirable as with self-pollinated plants. 

In both the self- and often cross-pollinated groups, the hybridiza¬ 
tion method of breeding is of great importance. Crosses are made 
between parents which are selected because each contains some impor¬ 
tant hereditary characters which the other lacks. Selection is practiced 
in the segregating generations and homozygous desirable types are com¬ 
pared under field conditions and the most promising, if sufficiently desir¬ 
able, are distributed for commercial growing. 

With the naturally cross-pollinated group of plants, two general 
methods of work are being used. In both cases selection is practiced. 
In one plan some method of controlled pollination is used, while in the 
other, selection is practiced but new variations constantly occur through 
natural crossing. Selection in self-pollinated lines is a means of isolating 
the more desirable strains. In some cross-pollinated crops, such as timo¬ 
thy, sunflowers, and rye, vigorous selfed lines may be obtained. In 
others, such as corn, it is difficult but not necessarily impossible to obtain 
selfed lines which are as vigorous or more so than normal varieties. 
Where Fi crossed seed can be obtained relatively easily, as in corn, 
the growing for the commercial crop of Fi crosses appears a logical pro¬ 
cedure. The recombination of several lines with subsequent selection is 
a method which has certain advantages in the utilization of selected 
selfed lines. In certain cases single selfed strains may be sufficiently 
desirable so that they may be increased as new varieties. 
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CONTROLLING POLLINATION 

Methods of controlling pollination have received considerable atten¬ 
tion. Protecting self-fertilized plants from occasional natural crosses 
would seem to be a necessity in careful studies of heredity. A knowledge 
of correct technic for crossing and selfing various crops allows the breeder 
to control the inheiitance and in this way obtain the combination of 
characters which are desired. This entire field is one in which actual 
practice is needed before the worker can hope to accomplish best results. 
A few general principles will be given. 

Selfing Plants Artificially.—Certain methods have already been worked 
out for particular crops. As an example, in the tobacco crop artificially 
self-fertilized seed may easily and cheaply be produced. The practical 
grower can well afford to save his seed by this practice. Before any of 
the blossoms have opened, the terminal inflorescence should be covered 
with a manila or hemp bag. The 12-pound size has been found satis¬ 
factory for this purpose. If a few flowers have already been pollinated 
these may be removed before bagging. After a week or 10 days has 
elapsed, the bag should be taken off and all flowers except from fifty to 
sixty removed and the dead corollas shaken off. After sufficient flowers 
have been fertilized the bag may be removed, as the seed will mature 
somewhat more rapidly than when enclosed. 

Self-pollination of the tomato may be accomplished in very much the 
same manner as with tobacco. Small-sized bags are needed. In this 
case it is necessary to jar the flowering branches upon which the bags are 
placed, as the tomato does not set seed freely unless some such practice 
is followed. 

Artificial self-pollination in com is very easy. The ear and tassel 
may each be covered with a paper bag. The use of a transparent vege¬ 
table parchment bag to cover the ear shoot before any of the silks show 
allows the silks to be observed and facilitates pollination. As soon as the 
silks appear, a manila or hemp bag of the 12-pound size is placed on the 
tassel and pollination can be performed about 2 days later. If the silks 
are long, they may be cut off to a length of 2 to 3 inches which makes 
pollination somewhat easier. 

Two men may well work tc^ther in pollination. One removes the 
ear b^ md the other shakes the dead anthers from the tassel bag and 
pours the pollen over the sUk. Care m needed in p^orming tins opersr 

m 
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tion to prevent cross- or uncontrolled pollination. In producing biotypes 
by self-fertilization the occasional cross may easily be rogued out as the 
crossed plant will plainly be seen the following year because of its vigor 
and other characters. 

Hard showers or long-continued rains seriously interfere with the 
artificial pollination of corn, as the tassel bag becomes wet and makes 
the handling of the pollen difficult. A desirable method is to remove the 
tassel bags after each heavy rain and put on new ones. As a number of 
days elapse from the time the first pollen of the tassel matures until all is 
mature, the method of replacing tassel bags gives good results. 

Jenkins (1923) has used a somewhat different method of pollination 
which has been found satisfactory in his studies. It has been called the 
bottle method.” The ear shoot is covered by a bag and as soon as a few 
silks emerge, the ear shoot is cut back 3^^ to V/i inches and the bag 
replaced. After 24 to 48 hours a good brush of silks is ready to pollinate. 
The tassel required for pollination may be bagged at the time the ear 
shoot is cut back. It is thus protected for 1 to 2 days from foreign pollen. 

Glassine bags 2)^ by 6 inches are used to cover the ear shoot before 
pollination. Heavy 12-pound tassel bags are placed over the silks pre¬ 
paratory to pollination. Small, wide-mouthed bottles were used and 
at the time of pollination they are filled with water and attached to the 
stalk just above the ear-bearing node. By placing the stem of the tassel 
in the bottle after placing the tassel in the bag and fastening the bag in 
place over the ear shoot, the technic of pollination is completed. Some¬ 
what less satisfactory results were obtained at University Farm, St. Paul, 
Minn., with this method than by the ordinary one previously described, 
although very satisfactory results have been obtained by some workers. 

Timothy and rye are handled quite satisfactorily by covering the 
spikes with the same parchment bag used for the ear shoot in corn pollina¬ 
tion. The bags are 4 by 2J^ by 113^^ inches in size and waterproof glue 
is used. The bags are tied to stakes to prevent whipping in the wind. 
Nilsson (1922 and 1923) has worked out a satisfactory method for selfing 
sugar beets. After much experimentation with different methods of 
isolation, an effective and relatively easy method was worked out. On 
every plant about three isolations of single branches are made. In order 
to obtain more even ripening, the top of the branch is cut off and the 
lowest flowers that are already open are removed or at least marked as 
not selfed. A piece of cotton is wrapped around the base of the branch 
and a parchment bag (about 5 by 15 inches) is tied around the cotton 
piece. The upper end of the bag is held out by a little stick fastened to 
the comers. The stick as well as the lower end of the bag are tied to a 
bamboo stake. 

A method used by Fergus (1922) has been found satisfactory as a 
means of sdf-'poUinating red clover. One-pound Kraft paper bags were 
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used although vegetable parchment bags have been used more recently 
and have proved somewhat more satisfactory. The bag was placed over 
a head just as the petals were beginning to show and before any of the 
flowers had opened. Some of the leaves near the top of the stem were 
removed together with any small heads that were in the way. The bag 
was crumpled about the stem at the bottom and tied, allowance being 
made for the elongation of the stem after bagging. After 48 to 72 hours 
each bag was removed, the heads rolled gently between the thumb and 
fingers and the bags replaced. The hands were washed with alcohol 
after the selfing of each plant. 

Self-pollination of squash has been carried out at the Minnesota 
Station. A little practice helps in determining when a flower is about 
ready to open. The petals of both staminate and pistillate flowers are 
prevented from opening by placing a small rubber band around each one. 
On removing the band the following day the flower quickly opens if it is 
ready for pollination. The petals are then removed from the staminate 
flower and the anthers rubbed over the pistil. The artificially pollinated 
flower is protected from cross-pollination by placing a rubber band around 
the petals. After a few days the petals of the crossed flower absciss and 
at this time the stigma has turned brown and is no longer receptive. 
This method was worked out by John Bushnell. From a total of 600 
pollinations made under field conditions in the summer of 1919, approxi¬ 
mately 150 set fruit. 

Technic of Crossing. —A thorough knowledge of flower structure of 
the species or variety to be worked with is essential before crossing is 
undertaken. It is important to know which flowers are the most vigor¬ 
ous and which set fruit the most freely. Many varieties of wheat, for 
example, produce several seeds per spikelet. The outer florets of the 
spikelets in the central part of the rachis are more vigorous and usually 
produce larger seed. In some Solanacece (for example, the petunia) the 
later flowers form larger, healthier seed than those which first open (East, 
1910c). After becoming familiar with the flower structure it is important 
to determine at what time of day the pollen is most easily collected and 
for what length of time the stigma is receptive. Environmental condi¬ 
tions modify the expression of these and other characters. However, 
some general rules for different groups of crops may be given. 

Certain tools are essential for the work of pollination. For general 
work these are a small pair of thin, pointed scissors; a pair of forceps 
with thin, pointed blades which meet exactly and which are not too 
stiff; one or two dissecting needles; a hand lens; a pencil; and small 
string tags for recording purposes. Other special apparatus is necessary 
for difficult crosses. 

Crossing of &itaU Qtains*—^The technic of small grain crossing is 
comparatively simple. Some practice, however, is necessary in order 
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to gain proficiency and to obtain a fair percentage of seeds set. In 
some of the earlier directions it was stated (Hays, 1901) that it was 
necessary to make crosses of wheat at about 4 o’clock in the morning. 



Upper left, normal spikes; lower right, emasculated spike; 2, spikelet natural sise; / and g, flower- 
[ew glumes; k and r, florets; 3, a single flower closed just after flowering, 3n; 4di, longitu^naf diagram 
Mfore flowcTing, x 2.5n, a - anthers, o - ovary, s « stigma, / - mament; AB » diagram after 
flowering; 6 - transverse floral diagram, 6n, fg - lemma, p - palea, a - anthers, « « stigma; 6, 
flpwerless glume, 7, lemma, 8, palea, slightly reduced; 9, lodioule, 4n: 10, cross-section anther, 2fln; 
}i» fframs; 12, ovary and stigma just prior to flowering; 13, at flowering; and 14, shortly after; 

lo» 16, 17, the mature seed. {After Babwck and Clausen^ 1918, after Hays and Boss.) 


Leighty and Hutcheson (1919) have determined the period in which 
blooming takes place at University Farm, St. Paul, Minn., and at 
Arliagtcm Farm, Rosslyn, Va. The spikes were examined at 7 a.m., 
12 Q., and 5 or .6 p.m. A fiower was conmdered as having bloomed 
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when the glumes had opened appreciably. The period from 5 or 6 
p.m., to 7 or 8 a.m. was referred to as night. Of 2,977 wheat flowers on 
69 spikes, 1,492 bloomed at night and 1,485 bloomed during the day. 
About half of those which bloomed during the day bloomed before noon. 
These figures are given to correct the erroneous idea that it is always 
necessary to pollinate wheat early in the morning. Environmental 
conditions may be an important factor, for Salmon (1914), working in 
South Dakota, stated that blooming was practically completed before 
7 o'clock in the morning. 

Leighty and Hutcheson (1919) show that in wheat it is unsafe to 
leave the spikes uncovered after emasculation. Seeds were formed 
by 507 of 1,240 emasculated, unprotected flowers at University Farm, 
Minn, and 1,103 seeds were formed in 1,324 flowers similarly handled at 
Arlington Farm, Va. while less than 1 per cent of flowers emasculated and 
covered with paper bags set seed. Frear (1915), working with Turkey 
winter wheat, obtained 80 per cent seeds set on emasculated, uncovered 
spikes and less than 1 per cent on emasculated covered spikes. 

Where greenhouse facilities are available, crosses may be made 
advantageously in the winter or early spring months. This method is 
used extensively by the Plant Breeding Department of Cornell University. 
When all conditions are favorable between 50 and 100 per cent of crossed 
seeds may be obtained. 

Crosses, as a rule, may be made under field conditions and it is desir¬ 
able to make several plantings so that plants of both parents may be in 
the same stage of maturity. The methods given here have been devel¬ 
oped gradually and are those now in use at University Farm, St. Paul, 
Minn. 

Wheat ,—Emasculation is done while the anthers are green but begin¬ 
ning to turn yellow. A spike is trimmed to about eight or ten spikelets 
by removing the lower and upper spikelets. This leaves florets of about 
the same stage of development. The central florets are removed by 
pulling them out with the forceps. The anthers of the remaining 
florets are removed with a pair of forceps which are forced into the 
floret at the side by spreading the lemma and palet. A glassine bag 1.5 
by 6 inches is placed on the emasculated spike and tied firmly with 
wrapping twine which had been previously cut in convenient lengths. 
A small marking tag is then used to label the plant. On one-half of the 
tag the name of the female parent is written and also the date of emascu¬ 
lation and the initials of the worker. Ordinarily, pollination is most 
successful if done two days after emasculation. This, however, will 
depend on the stage of development of the flower at the time of emaseula^ 
tion and on the condition of the weather. In exceptional cases the best 
seed setting has been obtained by poUinatiz^ 5 or 6 days after emascula* 
tion. Anthars of the pollen parent are gathered in the palm of the hand 
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and should be ready to dehisce. The glassine bag of the female parent is 
removed and a bursting anther placed on the stigma of each floret. 
The bag is then replaced and the pollen parent recorded on the tag with 
the date of pollination and the initials of the worker. The bags are left 
on the spikes until harvest as a protection from birds. 

Oats ,—The panicle is trimmed to about 15 to 20 spikelets and the 
secondary florets removed. A floret is held between the thumb and 
forefinger and the palet is pulled down and held with the thumb. The 
anthers are then removed and the palet is placed back in position. 
Pollination after 3 or 4 days has proved satisfactory. The glassine bags 
for oats are 3.5 by 8 inches. In other respects, oats is treated in the same 
manner as wheat. 

Barley .—Emasculation of barley must be done before the spike has 
come out of the sheath. Lateral florets are preferably removed and the 
spike is4rimrned to carry about 12 to 16 florets. Each floret is clipped off 
just above the tips of the anthers with a pair of scissors, and the anthers 
removed from above. This method was learned from Harlan of the 
United States Department of Agriculture. In pollinating, the dehiscing 
anther is dropped on the stigma from above. Bagging and labeling are 
the same as in the case of wheat. Pollinating 1 or 2 days after emascula¬ 
tion has proved satisfactory. 

Rye .—The method is similar to that described for wheat with a few 
exceptions. About 16 spikelets may be left near the middle of the spike. 
The awns should be clipped off near the lemma for convenience. From 
4 to 6 days may elapse between emasculation and pollination. As soon 
as the florets are found to be well open, the feathery stigma projects out 
considerably between the palet and the lemma. Good ripe pollen is 
collected in a glassine bag from the pollen parent. Each head to be 
pollinated is then stuck into the bag and dusted about, the stigmas 
becoming well covered with pollen. 

Among the difficulties of artificial crossing in the field are unfavorable 
weather conditions. Too much rain or long-continued rains prevent 
work. JeUneck (1918) compared two methods of crossing wheats: (1) 
emasculation and pollination by placing a ripe anther in the floret; 
(2) emasculating spikes as usual and tying these with spikes of similar 
maturity belonging to the pollen parent and covering with a paper bag. 
In 1916 method 2 gave twice as great setting of seed as method 1. In 
1917 conditions were very unfavorable and no seed was produced by 
method 1, while method 2 gave seeds in 24 out of 47 spikes. On these 
24 spikes 60 per cent of florets produced seeds. 

.Bwje.-*-^hao (1926)^ has devised a method of crossing rice which he 
believes superior to any previous plan. He recommends that emascula- 

^ This description and literature regarding inheritance in rice was kindly furnished 
Iqt f. Ohao» a graduate student in genetics at the University of Wisconsin. 
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tion should be performed in the early morning before the sun rises or 
late in the afternoon. This precaution is taken because the pollen sacs 
may discharge the pollen grains when emasculation is done under bright 
sunlight. Flowers of some varieties maturt^ immediately after emergence 
of the panicle from the leaf sheath while flowers of other varieties mature 
later. Rice flowers mature from the top of the panicle downward. 
From ten to fifteen spikelets are left on the top of the panicle. When 
the anthers reach about half the length of the lemma and palea (as 
can be seen by holding the spikelet against the bright sunlight), a short 
transverse cut is made near the tip of the spikelet with a pair of fine 
scissors and the anthers are removed through this cut with the aid of a 
fine pair of forceps. The panicle is rebagged and pollinated 15 to 24 
hours later. Pollination is performed by inserting a mature anther into 
the cut surface of the spikelet and dusting the pollen cells over the stigma 

Crossing Large-flowered Legumes. —Oliver (1910) of the United 
States Department of Agriculture, has made excellent contributions to 
the technic of crossing. He emphasizes the fact that in a cross between 
self-fertilized varieties, only a few seeds are needed in Fi. The large- 
flowered legumes, such as Lathyrus, Phaseolus, Pisum, Stizolobium, 
and Vigna, should be emasculated in th(' bud stage. The following 
account of crossing Vigna, the cowpea, is taken from Oliver: 

In the evening it is found that the buds whicli will expand the next morning 
are quite large and easily manipulated in emasculating {A). Hold the bud 
between the thumb and forefinger with the keeled side uppermost (B ); then run 
a needle along the ridge where the two edges of the standard unite. Bring down 
one side of the standard, securing it in position with the thumb; then do the same 
with one of the wings, which will leave the keel exposed. This must be slit on 
the exposed side about inch below the bend in the keel and continuing along 
until about K e inch from the stigma, which can be seen through the tissue of the 
keel. Bring down the section of the keel and secure it under the end of the 
thumb. This will expose the immature stamens, 10 in number. With a fine- 
pointed pair of forceps seize the filaments of the stamens and pull them out, count¬ 
ing them as they are removed to make certain that none are left (C). Allow the 
disturbed parts of keel, wings, and standard to assume their original positions as far 
as passible. Next detach a leaflet from the plant, fold it once, place it over the 
emasculated flower bud, and secure it in position with a pin or toothpick. 

This prevents drying out. Flowers so treated and pollinated the 
next morning gave a large percentage of successful crosses. 

DepoUination with Water.—Oliver first used a garden hose in depolli- 
nating Grand Rapids lettuce. By cutting down the size of the opening 
with a smaller piece of rubber tubing a small jet of water was secured. 
After training this jet for a few seconds on flowers which had just opened, 
no pollen remained. Small pieces of blotting paper were used to remove 
excess moisture and then pollen was applied, lateen flowers of lettuce 
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Fig. 18 .—Flowers and young pods of the cowpea (twice natural size). {Copied from photo¬ 
graph by Oliver.) 

A, flower bud showing condition on the evening of the day previous to opening of flower; B, flower 
in the bud stage showing how the floral envelope is opened to gain access to stamens for emasculation; 
C, flower with stamens removed showing the large stigma to the left; emasculated flower the next 
morning after pollination; E, the young pod the second morning after pollination; F. the same pod 
48 hours after the pollination of the flower, {Aft^ Oliver.) 



Fio. 19.—At right, A, scissors useful in removing small organs; iJ, self-closing forceps; 
C, forceps commonly used in emasculation with pin attached to the handle; D, scissors for 
severing large organs. At left, devices used in depoUination of flowers; A and B, chip or 
water bulbs; C, water bulb with valve at bottom provided with celluloid ejector; old 
rubber bulb with glass tube inserted; “putty bulb“ with attachment to give a small jet 
of water. (After Bakcoch and Clameut 1918. After Oliver^ 1910.) 
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were first crossed by this means and some seed was produced in each 
flower. The lettuce flowers and those of other closely related Compositsp 
close soon after pollination. 

Certain small rubber-bulb syringes have been found satisfactory for 
field work. These are used to depollinate the flowers with water. For a 
complete description of artificial cross-pollination of alfalfa flowers the 
reader is referred to Oliver. In the flower to be used as the female, the 
anthers have already dehisced but cannot perform the act of fertilization 
until the flower is tripped. To trip the flower and secure as small a 
percentage of pollination as possible is the aim. The technic of tripping 
and depollinating as well as the technic of crossing is a matter of practice. 
Oliver records that more than two-thirds of the alfalfa pollinations were 
successful by this method. 

Use of Bees in Making Crosses.—Bees have been used frequently in 
making crosses. Williams (1925) has reviewed briefly some of these 
experiments and presented further data for red clover. The bees 
employed for making crosses were freed of viable pollen by washing them 
in tepid water in test tubes and drying them for a few hours before 
they were used. Cages of wire with six meshes to the linear inch and 
roofed over with glass proved satisfactory. When it was desired to 
cross plants which were some distance apart, cuttings were taken in the 
autumn and raised in pots. When the plants were in bloom the following 
year, the pots were sunk in the open and covered with small bee cages 
and the necessary bees were introduced. Honeybees could not be used 
to cross-poUinate red clover. The most efficient bumblebees for this 
purpose were Bombus agrorum^ Fabr., J5. hortorum Linn., and B. helferaniis 
Seidl. 

Crosses in Grasses. —Few artificial crosses have been made in grasses 
because of the obvious difficulties. Jenkin (1924) has succeeded in 
overcoming some of the difficulties, and has recorded successful crosses 
with Dactylis glomerata, Phleum pratensej and Alopecuma pratensis. The 
work was carried out in a large, cool greenhouse. The plants selected as 
parents were planted in pots in November and December of the proceeding 
year. They were placed in the greenhouse when the first inflorescences 
were well emerged but not in flower and remained in the greenhouse 
until the hybridization work was completed. Separate inflorescences of 
the plants used as parents were bagged in order to obtain selfed seed 
and as far as possible no inflorescences of a species used for crossing 
were left unprotected in the greenhouse. The inflorescences used for 
pollen production were bagged. The pollen was collected and applied 
by means of a soft brush. 

Emasculation was the most difficult phase of the work. It was found 
dei^ble to allow the inflorescences to approach within a few days of 
flowering before emasculation, Jenkins states: 
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For the emasculation of most grasses, relatively blunt-pointed forceps are 
used and without the aid of lens. Such forceps are less likely to pierce the 
anthers. For the emasculation of PhUum 'pratense, needle-pointed forceps with 
the aid of an X 8 lens have been used. 

The anthers are exserted under cool greenhouse conditions in the morning. 
Pollination has proved most satisfactory in the evening from 8 to 11 p.m., 
Greenwich time. Repeated pollination proved of value although no 
specific rules could be laid down. General rules given were as follows: 

1. Pollinate for the first time as soon as the stigmas become exserted, or as 
soon after as pollen will allow. 

2. Repeat pollination every day pollen is available in case none is available the 
next day. 

3. Continue pollinating until the stigmas have all withered, or until pollen is 
no longer available. 

Summary of Technic of Crossing.—Some important features of the 
technic of crossing may be summarized. 

1. Make a careful study of the structure of the flower before com¬ 
mencing operations. This may be done with the aid of a dissecting 
microscope. 

2. Determine which flowers produce the larger, healthier seeds and 
which set seeds the more freely. 

3. Learn the normal method of blooming of the flower, the period of 
receptivity of the pistil, and the length of time the pollen grains are 
capable of functioning. 

4. Procure the necessary tools and see that these are of an efficient 
kind for the work to be undertaken. 

5. Be careful not to injure the flowering parts any more than is neces¬ 
sary. Do not remove the surrounding flower parts, z.e., petals in flower¬ 
ing plants, glumes of grasses, etc. unless necessary. 

6. A few crosses well made are of much greater value than many 
pollinations carelessly executed. 



CHAPTER VII 


SOME RESULTS OF SELECTION WITH SELF-FERTILIZED CROPS 

In its broadest sense, selection is really at the basis of all animal or 
plant improvement by breeding. Evidence accumulated by early plant 
breeders indicated to them that selection of the most desirable plants 
for seed was highly profitable, irrespective of whether the plants were 
naturally cross or self-fertilized. Darwin believed that the mean type 
of any population could be changed by a plus or minus selection. It was 
left for Johannsen (1903) to point out the true significance of selection 
within a naturally self-fertilized crop. 

Before discussing Johannsen^s pure-line concept and its relation to the 
improvement of self-fertilized crops by selection, a brief survey of early 
work on improvement of naturally self-fertilized cereals is desirable. 

EARLY INVESTIGATORS IN SELECTION OF SELF-FERTILIZED CEREALS 

John Le Couteur and Patrick Shirreff were first to use the progeny test 
in making selections. The former did considerable work with wheat. 
In the early part of the nineteenth century he grew what he supposed to 
be a uniform variety. Professor La Gasca, of the University of Madrid, 
upon inspecting Le Couteur^s wheat in the field, pointed out no less than 
23 distinct forms. This observation led the latter to make a collection of 
150 varieties. Le Couteur simply took it for granted that the progeny of 
any one individual would breed true. Patrick Shirreff, another breeder 
of cereals, who lived in the middle of the nineteenth century, worked 
along somewhat different lines. He searched for the exceptional plant 
to start a new variety, and discovered seven such varieties. 

Frederic F. Hallett also followed rigid selection of indi\T[dual plants 
in his wheat breeding. Furthermore, he proceeded on the theory that 
the selection of the best spike on the plant and the best seed on the spike 
would yield correspondingly the best plant. Le Couteur and Shirreff 
placed all the emphasis on the original plant selection, while Hallett 
believed he could improve the progeny of an individual plant by further 
selection. Needless to say, Hallett made no progress after the initial 
selection. A number of his improved varieties were introduced and 
widely grown. 

Louis Leveque de Vilmorin formulated a breeding principle, as a 
result of a series of experiments performed by himself and his father, 
which was published in monograph form (1856), These early studies 
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were carried on with vegetables and the conclusion was reachc^d that the 
only way to determine the breeding value of a plant was to grow and 
examine its progeny. Much study was made by the younger Vilmorin 
with the sugar beet. This is not a self-fertilized plant, but the principles 
learned have a direct bearing on selection with self-fertilized crops. In 
the first few years the problem of determining the sugar content of mother 
beets without injury to the roots received particular attention. Weighing 
a small ingot of silver in the juice extracted from a small piece of root 
was found to be an accurate method of determining density and thus 
sugar content. Roots of similar sugar content were then used as mother 
plants and their breeding nature determined. Some gave progeny with 
high sugar content without pronounced variability; other mother plants 
gave variable progeny some of which were high in sugar content and 
others much lower, while some mother beets produced progeny of such 
inferior sugar content that all were immediately discarded. Later, the 
sugar content was determined by means of polarized light (Babcock and 
Clausen, 1918). As an example of Vilmorin^s results, may be mentioned 
a strain of beets which, after 3 years^ selection, gave juice with an average 
density of 1.087 while unselected seed grown in the same field gave an 
average density of only 1.042. Andre Leveque de Vilmorin produced a 
desirable cultivated form of carrot by 3 years of selection from wild forms. 
Louis de Vilmorin also made a collection of wheats and other grains from 
all parts of the world. After 50 years of selection within isolated lines of 
wheat, no notable change was observed (A. L. and A. C. Hagedoorn, 1914). 

Willet M. Hays, formerly of the Minnesota Experiment Station, 
was the first in America to adopt the 'Wilmorin method for small grains. 
In 1891 he introduced what is known as the centgener method of grain 
breeding (Hays and Boss, 1899). Briefly, it consisted of growing and 
harvesting a 100-plant plot from the progeny of each plant. Selection 
was continued the following year. The selections of most promise were 
increased and given extensive trials by farmers. By this method new 
forms of superior value were discovered. 

The pure-line method of breeding self-fertilized crops was independ¬ 
ently discovered and later adopted (1891) by the Svalof h]xperiment 
Station in Sweden. The director of the station, H. Nilsson, was led to its 
adoption by the accidental discovery that only those plots planted with 
seed coming from a single plant exhibited uniformity (Newman, 1912). 
DeVries (1907) says: 

To this accidental circumstance, combined with the exact scientific method of 
keeping extensive records, the discovery of the cause of the diversity of the cul¬ 
tures was due. For precisely those cultures which were derived from one ear only 
were found to be pure and uniform, all others offering to the eye a more or lesa 
inotley assemblage of forms. 
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The fact that many of the agricultural varieties grown in Sweden 
at the present time are the result of this method of breeding is sufficient 
evidence of its success. 

In addition to individual-plant selection, the older mass selection 
is sometimes used with self-fertilized crops. Mass selection is the selection 
of a group of individuals which seem to embody the desired characters. 
No attempt is made to grow the offspring of the different individuals 
separately and hence a pure-line study is impossible. In spite of this 
fact, mass selection sometimes has a place in correct breeding. For 
example, it may be advantageous to let nature eliminate non-hardy forms 
of a winter-wheat variety before beginning a study of individual-plant 
progenies. 


SELECTION WITHIN A PURE LINE 

Early in the twentieth century Johannsen (1903 and 1909) began 
his famous experiments with beans and barley which resulted in the 
discovery of facts which led to the development of the pure-line theory. 
Johannsen found that selection within a pure line was futile. Table 
XXXVII is typical of what he obtained by selection within each of 19 
different pure lines of beans. 

Since Johannsen announced his pure-line concept, several investiga¬ 
tors working with other crops and other characters have verified his 
conclusions. 


Table XXXVII.— Selection Effect During Six Generations in Line I of 

Princess Beans 


Har¬ 

vest 

years 

Total 

num¬ 
ber of 
beans 

Mean weight of 
mother beans of 
the select strains 

Differ¬ 

ence, 

B - A 

Mean weight of progeny 
seeds of select strains 

Difference, 

B - A 

A-minus 

B-plus 

A-minus 

B-plus 

1902 

145 

60 

70 

10 

63.16±1.02 

64.86 ±0.76 

-fl 70 ±1.27 

1903 

252 

65 

80 

26 

76.19±1.01 

70.88±0.89 

-4.31 ±1.36 

1904 

711 

50 

87 

37 

64.69 ±0.44 

66.68 ±0.36 

|•f2.09±0.67 

1905 

654 

43 

73 

30 

63.66 ±0.66 

63.64±0.41 

+0.09±0.69 

1906 

384 

46 

84 

38 

74.38 ±0.81 

73.00±0.72 

--1,38±1.08 

1907 

379 

66 

81 

26 

69.07±0.79 

67.66±0.76 

-1.41±1.09 


Fruwirth (1917) made selections within a pure line of each of the 
following: lentil {Lem eeculerUa), vetch {Vida saliva), snap bean {Phaseolus 
mdgaris), field pea {Pisum arvense), and white mustard {Sinapis a&a), 
but failed to change significantly the mean of the character subjected 
to selection In other words, the genotype was not altered. Fruwitrth 
alao conducted eaperimente within pure lines of oatou jSe ejected for 
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number and length of hairs on the lower grain in addition to selecting 
for percentage of two-grained spikelets per plant. The work was carried 
on from 1906 to 1915 without effecting permanent alteration in the hered¬ 
itary complex. The following table, taken from Fruwirth, illustrates 
a typical case: 


Table XXXVIII. —Selection for Percentage of Bristling in Oats 



Minus selection 

Plus selection 


Per cent of bristling of 

Per cent of bristling of 

Year 


Progeny 


Progeny 


Parent 

Mean j 

8. D. 

Parent 

Mean 

S D 

1907 

a 

5.1J ±0.68^ 

1.68±0.48^ 




1908 

2.5 

5 47 i: 1.37 

4.32+0.97 

4.8 

4.0510.88^ 

2.7810.62 

1909 

0 

4.70±1.03 

3.24±0.72 

9.2 

4.75±0.99 

3.1210.69 

1910 

0.67 

2.9442.36 

11.8011.66 

10 0 

8.4611.61 

8 0611.14 

1911 

0 

0.14+0.07 

0.33 + 0.05 

21.9 

8.8811.47 

5.5011.04 

1912 

0 

0.93+0.22 

0.8510.12 

18.7 

1.0210.35 

1.6510.25 

1913 

0 

1.20±0.33 

1.6710.24 

5 1 

3.5810.98 

4.1810.69 

1914 

0 

0.04±0.09 

0.4410.06 

13.0 

0.6410.25 

1.2510.17 

1915 

0 

2.65±0.46 

2.3210.33 

5.7 

3.1410.55 

2.7410.39 


“ Practically no bristles. ^ Mean error. 


In the above table mean error is used instead of probable error (mean 
error X 0.6745 = probable error). The means, both in the minus and 
in the plus direction, show no effect of continuous selection. 

In 1914 Hutcheson published the results of 13 years of continuous 
selection in wheat carried on at the Minnesota Station. Here again no 
significant effects of selection are found. In the following table a com¬ 
parison of the yields for the first 5-year period with those of the last 
6-year period is presented: 

Table XXXIX. —Comparison op Average Yield per Plant in Grams op First 
6-ybab Period with Those op Last 6-yeab Period in Continuous Selection 

of Wheat 
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In the tobacco-breeding work of the Connecticut Experiment Station 
(Hayes, 19136) the inheritance of number of leaves was studied. The 
parental forms were grown with the hybrids for comparison. Although 
tobacco is naturally self-fertilized, the plants were bagged to insure self- 
fertilization. The behavior of the parental forms selected in a plus 
direction is shown. It is obvious from the data presented, that tobacco, 
like other self-fertilized crops, does not respond to selection within a 
pure line; at least not to a degree which would encourage the plant breeder 
to use this method of seeking improvement (see Table XL). 


Table XL.—Numbeh of Leaves of Sumatra, 403; Broadleaf, 401; Havana, 402; 

AND Cuban, 405 


Nuinb(‘r 

Year 

grown 

Leaves 
of parent 

Progeny 

Range 
of varia¬ 
tion 

Total 

1 1 
1 i 

Average 

C. V. 

403 

1910 


24-31 

150 ‘ 

1 

28 2±0 08 

5 27 ±0 21 

403-1 

1911 

29 

23-31 

125 

20 5±0 11 j 

0 64+0 28 

403-1-2 

1912 

29 

21-32 

151 

20 2 ±0.12 

8 28 + 0 32 

401 

1910 


17-22 

150 

19.2 ±0 05 

5 00+0 19 

401-1 

1911 

20 

10-22 

108 

19.1±0 08 

0 54+0.30 

401-1-1 

1912 

22 

17-23 

145 

19.9±0.07 

0 03 ±0 24 

405 

1910 


10-25 

150 

19.9±0.08 

7 53+0 28 

405-1 

1911 

21 

18-23 

124 

20.e±0.07 

5 29+0 23 

405-1-1 

1912 

23 

17-25 

150 

20.9±0.07 

0 17 + 0 24 

402 

1910 


17-24 

150 

19.8±0.07 

0 98 + 0.27 

402-1 

1911 

20 

10-25 

143 

20 3 + 0 .10 

8 87+0 35 

402-1-1 

1912 

20 

1 17-22 

j 150 

19 4 + 0 05 

1 

4 59+0 18 


Love and Craig (19186) reported on the effect of selection for height 
of plant within a pure line of oats. No evidence of selective effect was 
obtained, as is shown in the following table: 


Table XLI.—Selection for Height within a Pure L»ne of Oats 


Year 

Average height of parents 
selected, in centimeters 

Average height of offspring 
produced, in centimeters 

Tall line 

Short line 

Tall line 

Short line 

1913 

85.8 

58.8 » 

74.2 

75.7 

1914 

80.9 

00.4 

82.6 

82.9 

1915 

94.9 

67.8 

89.4 

88.8 

1916 

97.1 

74.9 

96.9 

94.5 

Average. 

91.2 

05.5 

85.5 

85.5 
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An average difference of 25,7 centimeters in height of plant between 
the parent forms chosen, failed to change the genotype. 

One of the old mooted questions among investigators of field crops 
was the relation between the weight of seed planted and the resultant 
yield. Earlier workers adhered to the belief that the selection of large 
seed would give increased yield. In a pure line of a self-fertilized crop, 
heavier seeds possess larger endosperms and consequently contain more 
stored food material for the young plantlet than the smaller seeds. It 
seems that it would be possible to have the environment during the 
germination period such that the larger seeds would have an advantage 
over the smaller ones. The important fact to bear in mind, however, is 
that all seeds of the same pure line have the same inheritance. 

Some work has been done (Arny and Garber, 1918) on the relation 
between size of seed planted and resultant yield in Marquis wheat. 
The seeds were individually spaced 4 inches apart. The relation between 
the weight of the seed in milligrams, and the resultant yield in decigrams 
was expressed by means of a correlation coefficient. The coefficients for 
the years 1914, 1915, 1916, and 1917 were 0.143 ± 0.038, 0.088 ± 
0.028, 0.445 ± 0.020, and 0.478 ± 0.024, respectively. In this investiga¬ 
tion each plant was given the same space for individual development. 
The results show that under these conditions relatively large amounts of 
stored plant food in the germinating seed may or may not give the result¬ 
ant plants an advantage, depending on environmental influences other 
than the amount of endosperm. 

Several investigators have attacked this problem from a practical 
viewpoint. Seeds were separated into light, medium, and heavy by 
means of a fanning mill. The productivity of the plants coming from 
the various classes of seed was compared under field conditions. Some 
investigators procured a slightly greater yield from plants produced by 
heavy seed than from those coming from light seed. Others obtained 
no such difference. Plants from medium or ungraded seed in almost all 
cases proved as productive as those from heavy seed. The work carried 
on at the Ohio Station may be taken as a typical example of these 
investigations. 


Table XLII. —The Relation op Weight op Grain to Yield in Wheat 

7-yoar Average Results 


Grade 

Seed used, 
average weight 
per Dushel, 
pound 

Bushels per acre 

Crop harvested 
average weight 
per Dushel, 
pound 

Uniform 

seeding 

Varied 

seeding 

Average of 
both aeries 

First. 





59.4 

Second. 





69.0 

Third. 


31.3 

i 

■1 


59.0 
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Table XLII presents the average results (Williams and Welton, 
1911) of an experiment with weight of seed wheat over a period of 7 
years. The grades are first, second, and third, representing heavy, 
medium, and light seed, respectively. Two methods of seeding were 
practiced, namely, a uniform rate by weight and a varied seeding to 
obtain approximately an equal number of plants on equal areas. 

In the case of oats (Williams and Welton, 1913) a greater difference 
was obtained between light and heavy seed, but the unscreened seed 
yielded only a little less than the large seed. The following table pre¬ 
sents the average data of a 4-year period: 


Table XLIII. —The Relation op Weight op Grain to Yield in Oats 
4-years Average Results 


Grade 

Seed used 

Bushels per acre 

Crop 

harvested, 
average 
weight 
per bushel, 
pound 

Average 
weight 
per bushel, 
pound 

Number 

per 

ounce 

Uniform 

seeding 

Varied 

seeding 

Average 
of both 
series 

Light. 

27.5 

M 

59.0 

59.0 

59.0 

28.6 

Heavy. 

30.7 


58.0 

55.3 

56.7 

28.4 

Unscreened. 

27.3 

m 

58.4 

58.0 

58.2 

27.8 


A current popular belief is that plants from large or heavy seeds yield 
more than plants from light or small seeds. The data collected by 
various investigators do not substantiate this view. As a matter of 
fact, from a practical viewpoint it would be difficult to demonstrate any 
increase in yield as the result of the use of a fanning mill. The fanning 
mill, however, is very useful in removing weed seeds or diseased light 
grains. 

SELECTION FOR THE PURPOSE OF ISOLATING PURE LINES 

The determination of the better selections requires at least 5 years. 
Accordingly, there have been consistent attempts to find some character 
or characters which were so closely associated with yield or other econo¬ 
mic qualities that they were of actual selection value. If such could be 
found it would be possible to use them as checks on the yield results. 
Manifestly, they would be of especial value in the early period of head 
selection, for the results from short rows planted from individual heads 
are not very accurate indications by which to discard selections. 

In this connection DeVries (1907) states that "correlation between 
botanical marks tmd breeding qualities are to be cmuddered as reliable 
guides in the work of selection.” As an illustration of sudi correlattOf», 
the bdief tliat there is an aasociation between threeisrawed i^dkelets oi 
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oats and yield may be mentioned. Some of the early data collected at 
Svalof indicated that such was the case. After 15 years of further study, 
five or six of the best yielding oat varieties were examined. Some were 
three-grained types and others were two-grained types. Newman (1912) 
in summarizing these results concludes that: 

. . there seems, therefore, to be no definite relationship between the yield 
of a given strain and the number of kernels per spikelet by which it is 
characterized. 

The relationship between other characters was likewise studied, such as 
early maturity and high yield; short-haired rachilla and high brewing 
qualities in barley; weight of 1,000 grains in wheat, oats, and barley and 
yield; stooling with yield and quality; size of spike or panicle and yield. 
In some cases, there seemed to be a relation between yield or quality and 
some particular character, but when sufficient numbers were studied no 
consistent association between any one morphological character and yield 
was found. 

Much investigational study has been made on this subject by others 
and similar conclusions have been reached. At the Minnesota Station 
correlations between yield and the following characters in wheat have 
been sought; stooling, height of plant, size of seed, date heading, and date 
of maturity. In some seasons the early varieties were the better yielders 
and in other seasons the later varieties. 

Stooling was obtained from plots in which plants had room for individ¬ 
ual development, and the correlation of stooling and yield was computed 
for 2 years for wheat, oats, and barley. Yield was obtained from the 
replicated rod-row test. The results showed no association between 
stooling and yielding ability. 

Quite consistent association between weight of 1,000 plump seed and 
yield of wheat, as determined by the rod-row test was obtained and is 
given in the following table: 


TaBLB XLIV.— CoKRBLATIONS BETWEEN WEIGHT OF 1,000 PlUMP SbED OF T. 

vulgare and Yield 


Number of selections or 
varieties in the population 

Class and year I 

Correlation coefficient 

70 

Spring, 1914 

0.431 ±0 066 

70 

Spring, 1916 

0.619±0.059 

35 

Spring, 1917 

0.580 ±0.076 

63 

Spring, 1918 

0.109±0.084 

54 

Winter, 1916 

0.366 ±0.080 

83 

Winter, 1917 

0.436 ±0.060 
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Fairly consistent results of this nature would seem to show that 
weight of seed was associated with high yield in wheat. Montgomery 
(1912) isolated more than a thousand pure lines of Turkey winter wheat 
at the Nebraska Station and found both large- and small-seeded strains 
among the higher yielders. Similar results have been obtained at Svalof, 

A study of the correlation between lodging and morphological char¬ 
acters of the stems of cereals has been carried out at the Minnesota 
Station (Garber and Olson, 1919). The number of fibrovascular bundles, 
the area of sclerenchyma cells in the cortex and bundle, and other char¬ 
acters were studied in relation to lodging. Stiffness and thickness of 
wall of the sclerenchyma seemed to be associated in oats but no such 
relation was found in wheat and barley. No other instance of a close 
association between any one of the characters studied and lodging was 
obtained. 

There is considerable difference in beak length in bearded wheats 
(Clark and Martin, 1925). Kota, the spring wheat introduced by the 
North Dakota Station, and Kanred, which was produced by the Kansas 
Station, are both resistant to certain physiologic races of black stem rust, 
Puccinia graminis tritici. Both are bearded wheats and both have 
long beaks. As many ordinary spring wheats, such as Preston and most 
strains of Turkey winter wheat, have short beaks, the correlation between 
beak length and rust resistance is of value in helping to keep Kota and 
Kanred pure. In crossing experiments, however, it has been found 
that no close correlation exists between long beak and rust resistance. 

Some correlations are of value in selection or in obtaining accurate 
data. Thus there is a direct correlation between size of head and yield 
of grain in sorghum or between size of ear and yield of grain in corn. 

If one desires to classify a number of selections according to compara¬ 
tive maturity, reliable results may often be obtained by taking such notes 
as date of awn emergence in barley and date of heading in wheat and oats. 
In years favorable for normal development, a high correlation between 
date of heading and maturity has been obtained. In unfavorable years, 
date of heading is a more reliable indication of the inherited differences 
between strains in relation to their normal period of maturity than a 
note taken at maturity. 

In general, it seems safe to conclude that no one character is closely 
enough associated with yield to be of selection value in picking out the 
highest yielding strain. It is possible, however, in many crops to weed 
out the very undesirable plants by inspection. The yield test must then 
be used to determine the better pure lines. This seems reasonable when 
it is realized that yield is the final result of many growth characters. 
A strain which excels in all characters, such as stooling, disease resistance, 
size of seed, size of head, fertility, etc., naturally will be a high srielder. 
As so many characters—of which the above are only a few of the more 
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easily seen—are essential to high yield, no single botanical character is of 
great selection value. This has led to the present method which is 
summarized as follows by Newman (1912): 

Thus instead of basing the isolation of superior individuals purely upon 
botanical or morphological characters as was formerly the case, the principle has 
become to select a large number of individuals without special regard to such 
characters. 

The value of these individuals is determined by the study of yield 
continued over several years. 

Numerous experiments have proved the value of this method. In this 
connection it is of interest to point out progress that has already been 
made with self-fertilized crops. 

Kanred winter wheat was discovered at the Kansas Experiment 
Station (Jardine, 1917) as a result of testing out 554 head selections 
made from Crimean (No. 1435 of the Office of Cereal Crops and Diseases, 
United States Department of Agriculture) and it is a rather striking 
example of what may be accomplished by this method of work. In a com¬ 
parative trial conducted over 8 years, Kanred outyielded Turkey 
and Kharkov every year but one (Salmon, 1919). It is likewise the equal 
in milling and baking quality of other commercial varieties of Crimean. 
According to Parker (1924) it has added, already, an annual net value to 
the wheat crop of Kansas of over seven millions of dollars and has a 
potential value of over fourteen million dollars annually to Kansas farmers. 

Red Rock winter wheat, which is highly satisfactory in Michigan, 
comes from a red seed picked out of a white wheat, Plymouth Rock, 
(Spragg and Clark, 1916). This is an example of selecting and increasing 
an individual obviously different from the type in which it occurred. The 
red seed may have been due to one of several causes, admixture, natural 
crossing, or a mutation. Whatever the cause, selection immediately 
isolated a wheat which was different in appearance and which proved 
valuable. On a percentage basis, the average yield of Plymouth Rock 
at the Michigan Experiment Station during the period 1912 to 1915 is 
73.4. The yield of Red Rock for the same period is taken as 100. 

Besides yield and quality other characters of economic importance 
may be improved by selection. The illustration on page 140, taken from 
Williams (1916), shows clearly what has been accomplished at the Ohio 
Station in the way of isolating a strain with stiff straw. The three pure 
lines shown are selections from the commercial variety Fultz. 

^ Kisselbach and Ratcliff (1917) have reported in Bulletin 160 of the 
Nebraska Experiment Station the yields of numerous pure lines of 
Kherson together with the yield of the commercial variety for a 4-year 
period. 
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Fig. 20 — V'unation in stiffness of straw in pure-line selections of Fultz wheat. {After C. G 

Wtlliame.) 

Table XLV. —Yield Test of Kherson Oat Strains Grown in Field Plats, 

1913 TO 1916 


Strain 


Yield m bushels per acre 


number 

1913 

1914 

' 1915 

1916 

Average 

Original 

44 4 

58 9 

29 9 


54.1 

21 


71 7 

32.4 

85 4 

61.9 

23 

mSEM 

67 3 

27 7 

85 9 

60 5 

15 

51 8 


26.5 

77 3 

51.5 

25 

62 1 

64.2 


83 9 

60.2 

6 

64 1 

63.2 

24 4 

81 6 

58.3 

33 

58 5 

63.7 

35 7 

86.1 

61.0 

27 


67.1 

31.7 

81.» 

57.9 

38 

62 1 

64.9 

31 9 

81 1 

60.0 

35 

33 9 

53.0 

22 8 

76 7 

46.6 

4 


67 8 



59.9 

6 


65 2 

33 3 

83 3 


19 


50 1 

21 4 

74,8 



As shown by the last column of the table, only two of the 13 pure 
lines gave lower average yields than the commercial variety for the 4-year 
period. They are Nos. 15 and 35. 
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In a later report Kisselbach and Lyness (1924) give further data 
regarding these selections. Nebraska 21 is the most extensively grown 
of any of the pure lines and averages 2.8 bushels per acre more than 
Kherson from which it was isolated. 

Other important varieties of oats have been obtained by selection. 
Comellian was obtained from an individual plant selection and is a 
desirable variety in New York (see Love and Craig, 1924). Albion, 
Iowa 103; Richland, Iowa 105; and lowar are valuable selections made 
and distributed by the Iowa station (Burnett and others, 1925), while 
Gopher, which is a stiff-strawed, white-seeded, early maturing variety, 
was obtained at Minnesota from a plant selection. Kansas introduced 
a variety of oats from Texas which proved to be a high yielder when 
compared with Red Texas oats. It was identified as Fulghum by War- 
burton in 1918. It has been compared with ordinary Fulghum and has 
proved much superior in yielding ability and also matures earlier. For 
this reason, the new variety was named Kanota to distinguish it from 
ordinary Fulghum (Salmon and Parker, 1921). 

SELECTIONS IN OTHER SELF-FERTILIZED CROPS 

An exhaustive account of the work that has been done in isolating 
and testing pure lines of self-fertilized crops would alone make a large 
volume. In this somewhat brief treatment only a few typical examples 
are chosen. 

The Iron cowpea (Orton, 1911), which is resistant to wilt, is one of the 
notable examples of what has been accomplished by the introduction of a 
promising variety. The isolation of this form alone has produced thou¬ 
sands of dollars for the farmer. M. A. C. Robust bean (Spragg, 1919), 
which is a selection out of the ordinary navy bean, has proved to be very 
much superior in 3deld to the commercial variety. At the Svalof Experi¬ 
ment Station (Newman, 1912), in Sweden, progress has been made in 
isolating pure lines of barley which possess superior brewing qualities. 

These few examples show the value of selection as a means of crop 
improvement. The effect of selection is to isolate the more desirable 
types from the commercial variety. After this has been accomplished, 
crossing may be resorted to as a method of obtaining a variety which 
combines the desirable characters of several strains. 



CHAPTER VIII 


SOME RESULTS OF CROSSING AS A MEANS OF 
IMPROVING SELF-FERTILIZED CROPS 

In the preceding chapters it was shown that the selection of a homozy¬ 
gous individual plant and the increase of its progeny isolated a pure line. 
No one of these pure lines contains, as a rule, all the characters desired. 
What usually happens is that one pure line excels in one character, while 
another is superior with regard to some other character. The only way 
in which the desirable characters belonging to different strains can be 
combined is by crossing and then selecting the desired segregate. 

To attain success in this field, it is important to use as parents those 
forms which most nearly approach the combination of characters desired. 
The old idea of indiscriminate crossing in order to procure superior 
economic characters, such as yield, has been largely abandoned, which is 
reasonable from the knowledge of what selection accomplishes and of 
Mendel’s law of inheritance in crosses. Love (1914) compared the yield of 
oat selections with hybrids which were the result of more or less indis¬ 
criminate crosses made by J. B. Norton. The average yield of the 
hybrids was but little higher than the average yield of the selections. 
It is probable that the comparison would have shown a greater difference 
if the parents had been chosen on the basis of their performance records. 
Two forms may be crossed because each possesses to the greatest degree 
the character sought, with the hope of obtaining transgressive segrega¬ 
tion; or a cross may be made to combine different characters. 

The Improvement of Black Oats at Svalof,—Nilsson-Ehle (1917) 
has reported experiments carried on from 1901 to 1917 for the purpose of 
improving the black oats grown in Sweden. The native oats formerly 
grown had weak straw and lodged badly. Black Tartarian oats was 
introduced to overcome this difficulty. Little by little this form mixed 
with the native oats and probably naturally crossed to some extent. 
The resultant complex (Svart Tartarish Plymhafre) was especially 
suitable for selection and the isolation of desirable forms. This was 
done at the Svalof Station. The selections, Klock 1 and Stormogul, 
maturing early and late, respectively, were obtained. Both possess 
stiff straw and Stormogul has good yielding ability. The improvement 
of the latter character was sought by crossing with higher-yiel^ng, light- 
colored forms. The following diagram indicates the method followed. 
The varieties and strains were purified before the crosses were made. 
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Svart Tartarish Plymhafre Milton (Probsteier type) 

I i 

I Klock I (1901) X Guldn^gn (1903) 

i i 

Stormogul (1901) X Klock II (1909) 

i 

Klock III (1917) 

Klock II is the result of crossing a good-yielding black oat of stiff 
straw (Klock I) with a high-yielding yellow oat (Guldregn). The new 
variety has the stiff straw of Kdock I and the high-yielding ability of 
Guldregn. One selection from the cross of Klock II with Stormogul 
gave a strain, Klock III, which has the early maturity of Klock II, 
a somewhat higher-yielding ability than Stormogul, as well as non¬ 
lodging ability, which last character both parents possessed. In the 
following table the yields of three of the strains are shown: 


Table XL VI. —Rebults of Comparative-yield Trials of the Varieties Klock II, 
Stormogul, and a Segregate Klock III of a Crobb between Stormogul X 
Klock II as Obtained at Sval6f from 1912 to 1916 


Grain 

Yield per hectare i 

1 

Relative 
index 
Klock II 
= 100 

1912, 

kilo¬ 

grams 

1913, 

kilo¬ 

grams 

1914, 

kilo¬ 

grams 

1915, 

kilo¬ 

grams 

1916, 

kilo¬ 

grams 

Average, 

kilo¬ 

grams 

Klock III. 

3,780 

4,170 

2,560 

3,010 

1 4,580 

3,620 

109.9 

Stormogul. 

3,860 

4,160 

2,700 

3,030 

4,160 

3,582 

108.7 

Klock II. 

3,730 

3,870 

2,360 

2,280 

j 4,230 

3,284 

100.0 

Straw 





1 



Klock III. 

5,060 

4,530 

2,470 

3,825 

7,850 

4,747 

100.3 

Stormogul. 

5,810 

5,330 

2,850 

4,550 

7,630 i 

5,234 

110.6 

Klock II. 

5,260 

4,470 

2,310 

4,300 

7,330 

4,734 

100.0 


A Wheat Cross Made at Svalof. —The highest yielding winter wheat 
grown at the Svalof Station, reported by Newman (1912), was a cross, 
Extra Squarehead II, No. 0290. This wheat is one of the offspring of 
Old Extra Squarehead X Grenadier II. It combines the winter-hardi¬ 
ness and rust resistance of the former with the stiff straw and high yield 
of the latter. As an average of 4 years^ trial at Svalof and Alnarp, 
this wheat has yielded 18 per cent more than Old Extra Squarehead and 
8 per cent more than Grenadier II, which was next. No variety of winter 
wheat has proved so generally popular among the farmers of southern 
Sweden as Extra Squarehead II. It may be of interest to point out 
that, preceding the cross, hundreds of selections out of Grenadier II 
were examined in search of a pure line with the combination of rust resist¬ 
ance and high yield. 












144 


BREEDING CROP PLANTS 


Wheat Breeding at University Farm, Cambridge, England.—Most 
of the wheat varieties grown in England are very susceptible to yellow 
rust {Puccinia glumarum). Biffen (1917) set himself the task of breeding 
a high-yielding, resistant form. He crossed American Club, which is 
very resistant to this parasite, with several susceptible varieties in order 
to study the mode of inheritance and develop a standard technic of 
operations. In all crosses the F 2 generations showed monohybrid segre¬ 
gation with resistance behaving as the recessive. The resistant individ¬ 
uals were rather clear cut, although they sometimes exhibited uredinia. 
The susceptible plants showed a wide range of variation. No recogniza¬ 
ble morphological character has been found correlated with resistance. 

The constancy of resistance in wheats of hybrid origin has also been 
studied by Biffen. For the purpose he used a resistant strain produced 
from a cross between American Club, a resistant variety, and Michigan 
Bronze, which is one of the forms most susceptible to yellow rust. Dur¬ 
ing 8 years of observation the hybrid variety proved just as resistant as 
the American Club. 

A resistant variety of Russian origin, found among some Gurka 
wheats, which was not adapted to local conditions, was crossed with 
Square Head’s Master, the variety most commonly grown in England. 
Among the resistant offspring is one that gives considerable promise. 
Comparative trials of this wheat (Little Joss) over a period of 7 years 
show it to yield about 4 bushels per acre more than the best of the English 
and French wheats. The explanation for this would seem to be that 
Little Joss inherited the yielding capacity of Square Head’s Master as 
well as the resistance ot the Russian wheat parent. 

Farrer’s Wheat Breeding in Australia.—Probably no one has made 
more wheat crosses that have proved valuable than William Farrer of 
Australia (Sutton, 1910). Most of his work was done without the 
application of a knowledge of the Mendelian principles. He, however, 
made crosses for definite purposes and in reality followed the Mendelian 
mode of work without recognizing the law involved. Farrer strongly 
featured composite crossing, i.e., the crossing of parents which were 
themselves of hybrid origin. Federation, a variety very popular in 
southern Australia, was produced in this manner. As a typical example 
of Farrer’s method, the history of Federation will be given somewhat in 
detail. 

This variety was the outcome of a deliberate attempt to produce a 
wheat especially suited to gathering with a stripper, a harvester used in 
Australia. Federation is early maturing, stiff strawed, erect, and of 
somewhat short growth. Despite its rather unattractive appearance, 
it is one of the highest sdelding wheats for the section in which it is grown. 
The upright habit makes it easy to harvest. Furthermore, the grains 
are hdd tight enough to prevent shattering but not tight enough to 
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interfere with the operation of the stripper. Federation resulted from 
a cross between the varieties Purple Straw and Yandilla. The parentage 
is indicated in the following diagrammatic scheme: 

Improved Fife X Etawah 
Purple Straw X Yandilla 
Federation 

The history of the origin of Bunyip, another Farrer production, is 
indicated as follows: 

Improved Fife X Purple Straw Blount's Lambrigg X Hornblende 

_ 

,, An unnamed 

cross-bred X King’s Jubilee 

Rymer X Maffra 

Bunyip 

Among other varieties produced by crossing which are of economic 
importance may be mentioned Comebacke, Cedar, Firbank, Bobs, 
Florence, and Cleveland. 

Farrer^s method of breeding seems to have been based on inducing 
maximum variation through composite crossing and then subjecting the 
progeny to selection. He was a keen observer and possessed ability to 
pick out forms which proved of economic value. This emphasizes the 
need of a knowledge of the characters of a crop with which the breeder is to 
work, which is as essential as a knowledge of laws of breeding. 

Marquis Wheat.—If the spring wheat known as Marquis (Saunders, 
1912) were the only one of economic importance which had been produced 
by artificial crossing, the practice would be justified. The early history 
of this wheat is somewhat obscure. It is one of the descendants of across 
between an early ripening wheat from India, Hard Red Calcutta 9 and 
Red Fife c?. The cross was made by A. P. Saunders, probably at the 
experimental farm at Agassiz, Canada, in 1892. The crossed seed or its 
progeny was transferred to the Ottawa Experimental Farm. Chas. E. 
Saunders who retired in 1923 took charge of the cereal breeding there in 
1903 and immediately initiated a series of selections from the progeny of 
cross-bred wheats. The progeny from the cross made by A. P. Saunders 
was found to differ strikingly in gluten content of seeds. The laborious 
practice of chewing a small sample of each pure line was made the basis 
of selections. One of the high-gluten selections isolated from this mixture 
of types was named Marquis. It was first grown as a pure form in 1904 
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and the tests made in 1907 fully established its bread-making qualities* 
In addition to this character it is early ripening, thus often escaping rust, 
has stiff straw, high yielding ability, distinctive appearance of seed, and 
remarkably wide adaptations. These qualities have made it popular 
among the farmers in the spring-wheat belt. 



Fig 21 —A section of the winter-wheat plant-breeding nursery m the spring of 1918. 
The three rows at the right are Minhardi, a very winter-hardy wheat produced from a cross 
of Odessa with Turkey In right center are throe rows of Turkey, Minn. 1487 


Winter-wheat Breeding at the Minnesota Agricultural Experiment 
Station.—One of the most urgent needs in order to bring about the 
successful production of winter wheat in Minnesota is a strain which will 
withstand the severe winters. This ideal has more or less been the goal of 
breeding operations from the first. Yield and quality also have been 
given considerable attention. Before attempting crossing, varieties 
were obtained from all over the world. Odessa, an awnless, red-chaffed 
variety of Russian origin, has proved most winter hardy, although 
some of the more recent Turkey selections are nearly as hardy. In the 
large number of crosses that have been studied since 1902 there is an 
outstanding fact worthy of emphasis. Of the different crosses made, 
none proved as winter hardy as the Odessa-Turkey combination, although 
numerous crosses between other winter wheats were studied. This 
shows the necessity of studying carefully prospective parental material 
to determine what should be used. When Odessa was used it furnished 
an hereditary complex capable of withstanding severe winters (Hayes and 
Garber, 1919). 
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Minturki (Minn. 1507) is a bearded wheat of the Turkey type obtained 
from this cross. It is as hardy as the Odessa parent, has high yielding 



Fio 22—Turkey, Mmn r)2<^ Grown in 1Q18 This variety winter-killed very badly 



Fig. 23.—Minturki (Minn. 1507), a winter hardy variety of desirable agronomic type. 


ability, and good milling quality for a winter wheat although not the 
equal of the better spring wheats in this particular. It has proved 
highly rust resistant under field conditions in southern Minnesota. 
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An awnless variety from this same cross, named Minhardi (Minn. 1505) 
has proved somewhat more winter hardy than Odessa and Minturki and 
is the equal in winter hardiness of any variety tested in North America 
but yields less on an average than Minturki. 

At the present time, attempts are being made to improve quality by 
crosses of Minturki and Minhardi with the better spring wheats and with 
non-hardy winter wheats which appear somewhat superior to Minturki 
in milling and baking quality. This illustrates what is believed to be the 
correct procedure in plant breeding. 

Breeding Wheat Resistant to Bunt {Tilletia triiici). —Gaines, at the 
Washington State Experiment Station, Pullman, began the work of 
breeding wheat for resistance to bunt by hybridization and selection in 
1914. Since that time he has obtained considerable information on 
the comparative resistance of many varieties as well as the mode of 
inheritance of resistance in 26 different crosses (Gaines, 1925). One of 
the earlier crosses was made between Turkey and Florence. Turkey is a 
winter wheat of the Crimean group. It has a fair degree of bunt resist¬ 
ance as well as winter hardiness, drought resistance, and good milling 
quality. Florence is an Australian variety of spring wheat which, 
according to Sutton (1910), is a selection from a cross made in 1901. He 
says: 

Florence is specially remarkable for its ability to resist the attacks of smut 
(bunt). In the severe tests to which it has been subjected the crops resulting from 
heavily smutted seed have proved to be almost entirely free from smut. 

Each of the parent varieties Turkey and Florence is quite resistant 
although neither is entirely immune. Some of the hybrids of Turkey X 
Florence proved immune while others were completely susceptible. 
Ridit is one of the best selections from this cross. It is immune to bunt 
and has other desirable characteristics such as winter hardiness, high 
yielding ability, and good milling quality (Gaines, 1923,1925). 

Breeding Beans Resistant to CoUetotrichum lAndemuthianum ,— 
Extensive tests of the reaction between physiological strains of anthrac- 
nose and host plants were made at the Cornell Station. Four groups of 
beans were obtained: (1) resistant to both strains, (2) resistant to strain 
A and susceptible to strain F, (3) susceptible to A and resistant to F, 
(4) susceptible to both F and A. Wells* Red Kidney was practically 
immime to strain A and highly resistant to strain F, while Michigan 
Robust carried resistance to the F strain only. The latter is a white 
navy bean of superior yielding ability as was pointed out in the preceding 
chapter. McRostie (1919) crossed these two varieties to obtain a bean 
which possessed in addition to the characteristics of Robust, resistance 
to strain A of anthracnose. Segregation occurred for resistanoe to strain 
A on a simple Mendelian 3:1 ratio with susceptibility reoessiye* In the 
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second and third generations, a white navy bean homozygous for resist¬ 
ance to both physiological strains of anthracnose was obtained. 

An Improved Strain of Tobacco.—Connecticut Havana tobacco 
introduced among Wisconsin farmers gave satisfactory results as to 
quality but the yield was low. Johnson (1919), of the Wisconsin Agri¬ 
cultural Experiment Station, attempted to overcome this objection by 
breedmg. In 1909 a pure-line study revealed the fact that there were no 



1*10 24 —Tobacco No 27 A pure-line strain with a high leaf number and a low breadth 
index of leaf. {After Johnson, 1919 ) 

less than three distinct morphological types present in the particular 
variety, grown at the expenment station, which was introduced from 
Connecticut. Selections Nos. 26 and 27 differed distinctly from the 
normal or prevailing type. Form 26 carried fewer leaves but of larger 
size than the normal, while form 27 possessed more leaves which were 
somewhat smaller in size than the normal. A cross between 26 9 and 27 cf 
was made in 1910 with the hope of combining the desirable features of the 
two forms. The success of the cross is indicated in the following data 
tskmi from Johnson: 
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Table XLVIL —Summarized Data op Most Significant Characters op Con¬ 
necticut Havana No. 38 Together with Parent and Normal Strains 

Average of 8 years 


Strain 

Leaf 

number 

Average of top, middle, and 
bottom leaves 

Breadth 
index of 
leaf 

Length, inches 

Width, inches 

No. 26 

14 2 

20 0 

11 3 

56 5 

No. 27 

18 0 

18 0 

9 6 

i 

53 6 

No. 38 = 26 X 27 

16 9 

19 1 

10 6 

55 8 

No. 33 

15 5 

18 2 

9 8 

53 8 



Fig. 25,—Tobacco No 26. A pure-line strain with a low leaf number and a high 
breadth index of leaf. Note the method of insuring self-fertilization by covering the 
terminal inflorescence with a manila paper bag. {After Johnson^ 1919.) 


Number 33 is a desirable strain of the normal Cktnnecticut-Havana 
type produced by continued selection and inbreeding. Breadth index 
is obtained by dividing the average leaf breadth by the average length 
and multiplying by 100. The table shows that by crossing, a form, No. 
38, was obtained which combined somewhat the desirable features of 
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the parents (Nos. 26 and 27) and is superior in both number and size of 
leaves to the better pure line obtained by selection (No, 33). As an 
indication of the commercial value of the new form, it is estimated that 
50 per cent of the total acreage (approximately 30,000 acres) in Wiscon¬ 
sin, is planted to this new variety. ^ Here is an example of crossing two 
closely related forms and of obtaining from the resultant progeny a 
strain of more commercial value than either parent. 

The illustrations bring out more clearly some of the features of the 
parents and progeny. 



Fig. 26,—Tobacco No. 38. This strain was produced by crossing No. 26, which excels 
in leaf breadth, with No. 27, which is homozygous for high leaf number. This new strain 
is more desirable than any other pure line form obtained. It is widely grown in Wisconsin. 
iAfter Johnson, 1919.) 


Summary.—In this chapter concrete evidence of the value of crossing 
as a means of producing improved varieties of self-fertilized crops has 
been presented. Crosses should be made with a definite purpose in view 
and the parents should be selected on the basis of performance records. 
Just as a chemist requires a certain knowledge of the elements which he 
synthesizes into compounds, so also the plant breeder may make crosses 
much more intelligently if he is thoroughly acquainted with the pros¬ 
pective parental material. Promiscuous crossing as a means of producing 
improved forms is discouraged. 

> Letter from James Johnson (1926). 





CHAPTER IX 


METHODS OF BREEDING SMALL GRAINS 

The progeny test is now recognized as the best means of determining 
the comparative productivity of varieties and strains. Vilmorin^s 
isolation principle was first used in the United States in 1897 by Hop¬ 
kins, of Illinois, for corn breeding, and in 1890 by Hays, of Minnesota, 
for small grains. Studies in field-plot technic and in crop genetics have 
led to standard methods of breeding self-fertilized crops. 

One of the important steps for the breeder is to obtain a broad knowl¬ 
edge of the crop plant with which he is to work. This consists of a 
knowledge of the home of the plant, its wild and cultivated relatives, 
the existing varieties, and their important economic characters. It is 
also necessary to learn the needs of the crop for the locality in which the 
breeder is to work. The importance of this knowledge cannot be over¬ 
emphasized. After obtaining a fundamental knowledge of the crop, 
the work in crop improvement naturally falls under four heads: (1) 
introduction, (2) variety testing, (3) selection, and (4) crossing. Before 
taking these up, attention will be given to a system for recording plant 
pedigrees. 

Methods of Keeping Continuous Records.—There are numerous 
methods of keeping records and as a rule each investigator will modify 
some general scheme to fit his own particular needs. It is also recognized 
that a plan which might prove satisfactory for an experiment station 
investigator who works only in one particular region might not be at 
all desirable for a federal worker who has charge of crop investigations 
over a wide area. 

The Minnesota plan has proved quite satisfactory, although it is 
recognized that other methods of equal simplicity and value have been 
developed by other workers. It is given only as suggestive of the neces¬ 
sity of accurate records and as one means of attaining that end. When a 
new introduction is first brought to Minnesota it is given a Minnesota 
accession number and the history, source, and other data are entered in 
the number book for that crop. If the new introduction is a pedigreed 
form from a near-by state and seems promising, it is placed at once in 
the }io-B,cre plots and its value determined. In ease it proves desirable 
it is recommended for Minnesota. Two such varieties are Marquis 
wheat and Victory oats. If the value of the new introduction is unknown, 
it is handled in the plant-breeding nursexy. 

m 



METHODS OF BREEDING SMALL GRAINS 


153 


Two types of rows are used in the plant-breeding nursery, plant rows 
and rod rows. Plant rows of various lengths are used depending upon 
the nature of the experiment. In plant rows the seeds are spaced 23^ 
to 3 inches in the row and the rows are placed 1 foot apart. Plant rows 
are used when it is desirable to study individual plants. Rod rows are 
planted in bulk without individual spacing of seeds. They are not nec¬ 
essarily just a rod in length but are 1 foot apart as with plant rows. 

New introductions from foreign countries are usually grown in plant 
rows the first year or two and their purity and characteristics determined. 
The very promising types, if homozygous, are tried in rod rows and may 
later be placed in field plots. If apparently heterozygous or 

mixed, i.e.y if not a pedigreed variety, new introductions may be an 
important source from which to make plant or head selections. 

The three groups, introductions, selections, and crosses, are given 
nursery class and stock numbers for means of identification. The year 
of the first test in Minnesota is also carried (except in the case of crosses 
where the year that the cross was made is used), together with a series 
number from 1 to as many forms as are handled in the class for the year 
and crop concerned. The following classes are used with the supposition 
that the forms were first tested in the nursery in 1920: 

Class 1-20-1, 1-20-2, etc. Selections 

Class II-20-1, II-20-2, etc. Crosses 

Class III-20-1, III-20-2, etc... New Introductions 

Supposing, for example, 20 new wheat introductions were grown, 
these would be classed as III-20-1 to III-20-20. All individual-plant 
selections are placed in class I if they are made from commercial varieties 
or new introductions. The year that they are first placed in the nursery 
is also carried, as well as the series number. These class and series num¬ 
bers are not changed as long as the form is continued in the nursery trial. 

Crosses are not given a series number until the strain gives evidence 
that it is homozygous. For the first few years the method of numbering 
used by the United States Department of Agriculture is followed. Thus 
a cross made between 1-14-1 and 1-14-20 is labeled at the time of cross¬ 
ing 1-14-1 X 1-14-20. The female parent is written first. On growing 
this cross in Fj a convenient number or letter is used. Later generations 
for the letter method would appear as A for Fi, A-1 for F 2 , A-1-1 to 
A-1-200 if 200 plant selections were grown in Fg. As soon as a cross is 
purified, that is, when particular selections appear homozygous, they are 
placed in the rod-row test and given a series number; thus the cross made 
in 1918 would be labeled as follows; 

First year, Class 11-18, A 

Second year, 11-18, A-1 

Third year, 11-18, A^l-1 to .1-1-200 
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If il-l-lO and A-1-50 appear homozygous and look promising, they 
may be placed in the rod-row test and receive series numbers as II-18-1 
and II-18-2. 

Books for bank figuring have been found to be satisfactory for the 
yearly field notes, a separate book being used for each crop. 

Planting lists show the order of planting in the field and are a record 
of the source of material. This allows a complete pedigree to be worked 
out for each crop. In the plant rows during the period in which homozy¬ 
gosity is being studied, it is necessary to have a record of the source in 
previous years. The following planting lists for a small part of spring- 
wheat studies illustrate plant-row histories in 1921 and 1922: 


Spring Wheat, 1921 Plant Rows 


Nursery stock No. 

Variety 

1920 No. 

1921 No. 

Other notes 

Check 

Marquis. 


39 


Check 

Kanred. 


40 


UA9F, 

Kanred X Marquis. 

0-122 

41 


11-19^2 

Kanred X Marquis. 

6-123 

42 



Spring Wheat, 1922 Plant Rows 


Nursery stock No. 

Variety 

1921 No. 

1922 No. 

Other notes 

11-19^8 

Kanred X Marquis... 

41-3 

141 


II-19F8 

Kanred X Marquis... 

-4 

142 


II-19F8 

Kanred X Marquis... 

-5 

143 



Thus the 1921 row 41 was planted from seed saved from a 1920 plant 
number 122 in row 6. Rows 141, 142, and 143 were planted in 1922 
from seed of individual plants 3, 4, and 5 which were selected in row 41 
in 1921. 

With cross-fertilized crops, such as rye, nursery stock numbers are 
not used, and each planting-plan records the row numbers for the year 
in question and the previous source consisting of the row and the plant 
selected. 

With self-fertilized small grains, the nursery stock number remains 
the same year after year. A planting plan for barley at University 
Farm in 1926 illustrates the method : 
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Name 

Nursery 

stock 

number 

1925 

row 

1926 rod rows 

Series 1 

Series 2 

Series 3 

Series 4 

Manchuria. 

Check 


1-3 

6.5-67 

1 

126-128 

186-188 

Velvet. 

11-20-10 

260 

4-6 

68-70 

1 129-131 

189-191 

Glabron. 

II-20-8 

257 

7-9 

71-73 

132-134 

192-194 


After obtaining yield and taking notes on grain characters, the yearly 
results are drawn off on 8^/^ by 11 paper, summarized, and filed for refer¬ 
ence and further study. Only general notes are taken, such as date head¬ 
ing, date mature, height in inches, per cent lodged, degree lodged, per 
cent and kind of destructive diseases, botanical characters, grain color, 
plumpness and quality, weight per bushel, and yield. 

New Introductions.—By means of new introductions the breeder is 
enabled to obtain varieties or strains which have been produced by other 
breeders, or native varieties from the original home of the crop. There 
is no value in attempting to produce a variety which is adapted to a 
particular condition if the qualities desired are to be found in some variety 
already grown in another locality or country. 

The United States Department of Agriculture has a trained corps of 
workers who are constantly introducing new-plant sorts from foreign 
countries. At the present time the Office of Cereal Crops and Diseases 
of the Bureau of Plant Industry acts as a medium for the introduction of 
new varieties of small grains. Through cooperation with this office, 
promising new introductions are being tested in localities to which they 
seem adapted. 

In small grains no conclusion can be drawn from the first-year test 
of a new introduction obtained from a widely different climate. Often 
the seed does not give a high percentage of germination or for some other 
reason the results secured are not even indicative of the value of the 
introduction. The first year the different introductions may well be 
grown in short rows. The following year a rod row of each new intro¬ 
duction may be grown as a part of the regular crop-breeding row trials, 
and yield and other characters determined. Those which are at all 
promising by this test may then be placed in the regular row trials and 
handled in the same manner as pure-line strains. After 2 or 3 years 
those introductions which give results of promise will be used as a basis 
for individual-plant selection, providing the introduction was not already 
a pure line. 

Selection.—The plant-selection method is used for the purpose of 
isolating the best possible pedigreed strain of a commercial variety. 
If the variety is of considerable value a large number of individuals (500 
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to 1,000) may be selected. Often a smaller number is all that the breeder 
can afford to test. The number chosen will depend on the productive 
capacity of the commercial variety or new introduction which is used as 
the basis of selection. Plant selections are grown in short rows the first 
year, the same number of seeds being placed in each row. 

Two general methods have been rather widely adopted for the initial 
head-selection plot. In either method the same number of seeds is 
placed in each row. The difference lies in the spacing of the seeds. Some 
prefer to place the seeds approximately the same distance apart in the row 
and at suflicient distance ( 23 ^ to 3 inches) that the plants can be sepa¬ 
rately observed. Others scatter the seeds in short rows, placing them so 
close together that individual plants cannot be differentiated at maturity. 
The latter method more nearly approximates the rod-row plan and needs 
less room. In either case the rows are usually 1 foot apart. 

The field, after being carefully harrowed, is raked by hand, if necessary. 
It is then marked out by the use of a sled marker, from 7 to 12 rows being 
marked at a time. The rows are opened with a wheel hoe and covered 
either with it or a rake or a hand drag with numerous iron teeth. Some 
prefer a small nursery planter for seeding the rod rows. 

Those selections which by field inspection seem to be of inferior vigor, 
to have weak straw or other undesirable characters, are eliminated before 
harvesting. A few others are discarded on the basis of yield, although 
the experimental error in a yield comparison of this kind is much too 
large to justify rejection. The following year each selection may be 
grown, if sufficient seed is available, in three systematically distributed 
18-foot rows, 1 foot being removed from each end of every row before 
harvesting. 

According to Love and Craig (1918a), J. B. Norton, of the United 
States Department of Agriculture, was the first to put the rod-row 
method into general use. By varying the length of the row and obtain¬ 
ing the yield in grams, it is possible to convert yields into bushels per acre 
by multiplying by a simple conversion factor. If the length of oat rows 
harvested is 15 feet and the yield is obtained in grams, the yield per acre 
in bushels may be obtained by multiplying by 0.2. For wheat and barley, 
if the rows harvested are 16 and 20 feet long, respectively, the conversion 
factor will be 0.1. 

The rod rows are about twice as far apart as the rows made by a 
field grain drill. Some use one and one-half to two times as much seed 
per nursery row as under field planting, and hence the rate of seeding per 
acre does not differ materially in the two methods. Others use the same 
rate per row as in ordinary field seeding while at the Washington State 
Station 150 seeds per rod row were used. Still others correct rates of 
planting so that more seedsareusedforlargerseeded varieties. Moredata 
regarding these qn^ons are needed. Bod row tiials have been shown to 
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give results similar to those from field tests, although the average 
yield of the crop is not the same (Montgomery, 1913; Love and 
Craig, 1918a). 

As has been previously noted, there are two general methods of work, 

i.€,f the use of single- and three-row plots. Three-row plots in which the 
central row only is used to secure yield are desirable as they help to 
control mixtures at planting and harvesting time, overcome competition 
between near-by varieties and help in obtaining more dependable data on 
lodging. They require more land and the cost is somewhat greater for 
planting and cultiva ing. In sections where soil heterogeneity is very 
great it is possible that the use of single-row plots and numerous replications 
may be somewhat better than three-row plots and fewer replications. On 
land that is well suited for field-plot work the use of three-row plots and 
three replications is advised. 

After a strain has been grown for 3 years but may well be removed 
from the row-yield trial and either increased if it shows promise or 
discarded if it appears to be of no value. At Cornell new sorts are 
introduced to the farmers for trial directly from the rod rows. In many 
cases the new sort is finally tried in variety plots planted by the usual 
field-plot method. This gives an expression of yield under normal 
methods of planting and favorable field conditions. 

Summary of Methods of Selection.—1. Determination of the varieties 
which possess economic possibilities. These may be commercial varieties 
or new introductions. 

2. Head selection of these promising varieties. 

3. Test of head selections in short rows. The very undesirable 
strains are eliminated in the field by inspection. A few may be discarded 
on the basis of yield or seed characters. 

4. Yield determinations of the selections, using three plots of a single 
row each, systematically replicated, if seed is available. 

6. Continuation of the row test. When land is well suited, it is 
believed that four systematically distributed plots of three rows each will 
give reliable results. Possibly the arrangement of selections of like 
nature together, the use of single rows and more replications, may be 
desirable under certain conditions. 

6. Computation of a probable error for the method of test. The use 
of this probable error as a means of determining significant differences. 

7. Increase of the better selections and either a trial by careful farmers 
or a further test in rod rows or field-variety plots followed by distribution 
of the better strains. If placed in field-variety plots, borders should 
be removed and each variety tested in replicated plots. Probable errors 
should be obtained and used as in the row trials. 

Prom 6 to 8 years' time is needed before the new selection is intro¬ 
duced to the farmer. 
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Crossing.—The improvement of commercial varieties of self-fertilized 
small grains by the head or plant method of selection is a very easy 
process, although several years are required to do the work. The pro¬ 
duction of new forms by crossing is not so simple. A standard plan of 
attack has been developed which is the application of the Mendelian 
method. 

The first step is the initial cross. Promiscuous crossing is not advised, 
but each cross should be the result of a determination of parents which 
most nearly approach the ideals in mind. By recombination of charac¬ 
ters, there is the possibility of obtaining a sort which is more desirable. 

The Fi generation is grown so that each plant has space for individual 
development. A knowledge of the inheritance of characters allows those 
plants which are not crosses to be eliminated in Fi, The F 2 generation 
plots should be as large as can be studied and each plant grown with 
enough free space that it may be examined. Numerous selections of 
plants which have desirable field and seed characters should be made. 
Each of these F 2 plants selected should be grown in an individual progeny 
plot in Fz and individual plant notes taken. Selection of desirable plants 
should be continued in later generations. When plots show apparently 
uniform progeny of a desirable sort, the strain should be included in the 
rod-row tests and compared with standard varieties. 

Knowledge of the results of continued self-fertilization in generations 
following a cross, shows the reliability of another method which was 
first used at Svalof, Sweden (Babcock and Clausen, 1918), and is now 
being tried by other investigators. It consists of growing a bulk plot of 
the cross for several generations. At the end of from 6 to 10 years, head 
selections may be made with the knowledge that a large part of these 
selections will breed true. The adoption of this plan will in a large meas¬ 
ure do away with the technic of studying individual plants in a heterozy¬ 
gous population. It is desirable for those workers who would like to 
use crossing methods but who do not have time for individual-plant 
studies. It is not so rapid as the Mendelian method. 

Technic of Harvesting, Thrashing, Etc.—Slight variations in methods 
are used by different workers. At Cornell rows of like kind are taken 
to the thrashing shed and hung head down until thrashed. At the Minne¬ 
sota Station the straw is cut near the base, the bundles tied with the stake, 
labeled near the bottom, and the heads wrapped with a cheesecloth cover¬ 
ing. Bundles of the same selection are then tied upright to a stake and 
later taken to the thrashing shed when needed. The row trials at the 
Substations are harvested by cutting off the heads. These are then 
put into cloth sacks and shipped to the central station. 

Several machines which can be cleaned easily have been devised for 
thrashing. The chief requisites of a machine to be used for experimental 
purposes are as fellows: It should be easily cleanable and in so far as 
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possible there should be no ledges or ridges upon which seeds may lodge. 
The alternate thrashing of different nursery crops is a desirable procedure. 
Each of the plots of one strain of wheat may be thrashed separately in 
rotation and then a strain of oats may be thrashed in the same way. 
At the Minnesota Experiment Station winter wheat is thrashed alter¬ 
nately with barley, and spring wheat with oats. This plan helps materi¬ 
ally to reduce the roguing of accidental mixtures from the plots. 

Various machines have been made to assist in individual head and 
plant thrashing. A machine constructed by H. W. Teeter, of the Depart¬ 
ment of Plant Breeding at Cornell (Love and Craig, 1918a), is very satis¬ 
factory. As no screen or fan is used, all seeds are saved. After thrashing, 
the seed is passed through a wind blast. This machine is so arranged that 
mixtures may be avoided. 

Technic of Breeding for Disease Resistance.—The importance of 
disease-resistant varieties of crops is recognized quite generally, for the 
success or failure of a crop often is dependent upon its manner of reaction 
to a particular pathogene. In most breeding problems it is essential to 
grow the experimental crop under normal conditions for the purpose of 
isolating the better sorts. In breeding for resistance to pathogenic 
diseases, the organism which causes the disease must receive as much 
attention as the crop itself and some method of creating an artificial 
epidemic of the disease must be evolved. Because of the nature of the 
problem, it appears that there is an opportunity for a cooperative attack 
on disease resistance with the geneticist and pathologist in the major 
roles. 

Certain information regarding the parasite which causes the disease 
in question is of primary importance to the breeder. Obviously, the 
constancy of the type of reaction between parasite and host plant is of 
major importance. Several years ago there was some doubt in the minds 
of many investigators as to the value of creating disease-resistant varieties. 
It frequently happened that a variety which appeared resistant one 
year was rather highly susceptible in a later trial. This was considered 
rather generally to be the result of a change in the virulence of the parasite 
and some explained the results on the basis of a change induced in the 
parasite by a different host plant. Thus Pole Evans (1911) speaks of 
a hybrid between resistant and susceptible strains of wheat which caused 
a change in the virulence of the parasite so that after living on the hybrid 
it was able to parasitize the resistant parent and to attack more vigorously 
the susceptible parent. Plant species which supposedly modified the 
virulence of the parasite were considered as bridging hosts. An explana¬ 
tion of these phenomena in agreement with modem genetic principles 
has been obtained. Extensive studies conducted primarily by patholo¬ 
gists have proved that many disease organisms are composed of numerous 
strains or physiologic races which are rather similar morphologically 
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but which differ widely in their parasitic capabilities. The development 
of this viewpoint has been gradual. It appears to be a natural viewpoint 
in the light of modem genetic principles. Numerous strains or physio¬ 
logic races of many disease organisms have been found. There are some 
reasons for believing that the individual physiologic races are as constant 
as higher plants. In studying the genetic phases of disease resistance 
the individual physiologic races of the parasite must be used. 

Methods of creating an artificial epidemic of the disease in question 
are various. For stem rust of oats where resistance is a dominant 
character and resistance and susceptibility are dependent upon a single 
factor pair, it is possible to grow 20 or 30 plants of numerousFs generations 
in the greenhouse and inoculate in the seedling state. The resistant 
lines can be determined by this means. 

For stem rust of wheat the various hybrids are grown in a rust nursery. 
Cultures of all available physiologic forms of rust are grown on wheat 
plants in the greenhouse and these are transplanted to the field and 
serve as sources of infection. Spraying with suspensions of rust spores is 
resorted to also. 

Spraying at about heading time with spore suspensions of Helmin- 
ihosjxyrium sativum and growing the barley cultures on the same soil year 
after year has proved satisfactory as a means of inducing an epidemic of 
the disease caused by this organism. 

For smut of barley, wheat, and oats, smut spores may be mixed with 
the seed sown. At the Washington State Station a teaspoonful of smut 
is mixed with 75 to 100 seeds which are then placed in a small screen 
and the spores not attached to the seed are screened out. 

In many disease-resistant studies, replication in the segregating 
generations has proved a valuable means of obtaining accurate knowledge 
of the breeding behavior. Thus two replicated Fs rows were used in 
studies of resistance to H. sativum in barley for the Fs progeny of eachFj 
plant. Similarly, in studying resistance to Pucdnia graminis tritici 
in wheat, two rows for each segregating line are grown and these are 
planted at different periods so that accurate data can be obtained. If a 
good rust note is obtained from both replicates the results are averaged. 
In some cases it is desirable to grow short rows of the hybrids in different 
localities in the segregating generations. Thus Fj and F* generation 
hybrids, which are being bred for resistance to black stem rust, are grown 
at St. Paul, Waseca, Morris, and Crookston in Minnesota, at Brookings, 
S. D., and at Mandam, N. D. 



CHAPTER X 


CLASSIFICATION AND INHERITANCE IN WHEAT 

Studies of genetics have led to the adoption of a particular meaning 
which is understood when an inherited character is spoken of. It is the 
final result of the interaction of many inherited factors plus the environ¬ 
ment. The factors are the inheritance and the ultimate character is the 
manner of reaction under the special growing conditions to which the 
organism is subjected. What is inherited is the ability to react in a 
particular manner in a given place and not the character itself. 

Genetic Classification.—Classification of cultivated varieties of crops 
is made in much the same manner as the botanical classification of wild 
species. With crops, there is as a rule considerable experimental evidence 
of genetic relationship. The ultimate aim of crop classification should be 
genetic in order that it may be of greatest value. Closeness of relation¬ 
ship as determined by the ease of crossing and the degree of sterility is 
frequently made the basis of species groups in some crops. In other 
crops no sterility is obtained in so-called species crosses. Only relatively 
stable characters which are not easily modified under different environ¬ 
mental conditions are considered of major classification value. 

After placing cultivated crops in groups which are roughly analogous 
to botanical species, the next step is more clearly to separate different 
categories of a lower order of classification. These are the varieties. 
Varieties are not necessarily genetic entities but may be groups of similar 
forms which resemble each other more than individuals belonging to 
another variety. All members of a variety are similar to each other in 
major botanical characters. 

Such a variety classification is of utmost importance. In the past 
the variety studies made in the United States by the different experiment, 
stations or the federal Department of Agriculture have not always been 
comparable, as the same name has been used to refer to widely different 
varieties. More dependable results can be obtained only by the adop¬ 
tion of uniform variety names. Classifications of some crops have 
recently been made and in the next few years these will be improved 
further. 

With self-fertilized crops, such as wheat, it is necessary to use pure- 
line varieties if the trials made at different stations are to be comparable. 
It is reco^ized by most plant breeders that pure lines of the same variety 
fmqu^tiy differ widely in yielding ability although this fact has not 

m 
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received the attention that it deserves by agronomists who are not pri¬ 
marily interested in crop improvement. Tests conducted by Stadler 
(1924) and Wiggans (1925) furnish evidence which show that a so-called 
variety is not an agronomic unit. Variety classifications are a necessary 
first step, however, in varietal standardization. 

The central aim in crop-improvement work is to find or produce 
improved forms which when grown by farmers will excel in quality, 
productivity, or ease of handling. It is a decided advantage if the 
improved form can be distinguished from the varieties commonly grown 
in the locality by some botanical or morphological character difference. 
Kanred (Jardine, 1917) wheat is an example of a new variety with such a 
character. This variety, which was developed at the Kansas Station, 
belongs to the Crimean group of winter wheats. It gives larger yields 
on the average than Turkey or Kharkov selections and excels in resist¬ 
ance to some physiologic forms of black stem rust, Puccinia graminis 
triticij and of leaf rust, Puccinia triticini. Its beak, t.e., the extension of 
the outer glume in the form of an awn point, is longer than in the com¬ 
mon forms of Crimean winter wheat grown in Kansas. Marquis wheat, 
which is so widely grown as a spring wheat in the Northwest and 
Canada, differs in seed shape from other Fife wheats commonly grown in 
these sections. Forms belonging to the same variety may frequently 
exhibit differences in productivity and this may be the sole distinguishing 
character difference. Forms constantly differing from each other in one 
or more genetic factor differences which may be expressed as yield, 
quality, or disease resistance, or a minor botanical character and yet 
which belong to the same variety group, may be called strains. This is 
the lowest order of classification which can be adopted for seeded crops. 
With a self-fertilized crop the strain may also be a pure line in the 
original sense as used by Johannsen. With cross-fertilized crops the 
strain may be relatively pure from some particular character and may 
be heterozygous for other characters. 

Inheritance studies of many of the present farm crops have been made. 
As crossing is the only means of inducing variation that can be carried 
out with success by the plant breeder, it becomes necessary to know 
how individual characters are inherited. It is true that yield is not a 
simple Mendelian character but is dependent on many inherited factors 
and their manner of reaction to the environment. At present, knowledge 
of inheritance may be used only as a guide in working with these characters. 
As a rule, the parental fornots differ in botanical characters as well as in 
yielding ability. A knowledge of the mode of inheritance of each of 
these characters is essential to the rapid purification of a cross. 

‘ It is not desirable in a text on plant breeding to outline variety classifi¬ 
cations in very great detail. As a rule the crops student will be familiar 
with such classifications before studying crop improvement. It seems 
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sufficient to indicate genetic relationship and to point out the characters 
which have been used. 

Wheat Species Groups.—From the middle of the last century until 
the present time numerous crosses between wheat varieties and also 
between species groups have been made. Extensive crossing studies 
have led Tschermak (1914a, b) to conclude that the genetic relationships 
in wheat are as represented in the following table. 

Several other species are described by Percival (1921) and Vavilov 
(192(5) although the species given here are the ones of most importance. 


Table XLVIII.— Wheat Species Groups 


Group composition 

Einkorn group 

Emmer group 

Spelt group 

Stem species 

Spelt wheats 

7\ aegilopoides 

T. dicoccoides 

T, spelia 

wild form unknown 

Cultivated forms 
Covered seed 

T. monococcum 

T, dicoccum 

T, spelta 

Cultivated forms 
Naked seed 

Unknown 

T, turgidum 

T. polonicum 

T, durum 

T. vulgare 

T. compactum 


Crosses reported by Tschermak between the einkorn and spelt groups 
so far have proved wholly sterile, while the einkorn emmer crosses have 
proved only slightly fel’tile. Similar results have been obtained by other 
investigators. The crosses between the covered emmer types and the 
naked and covered spelt forms or between covered and naked forms of the 
emmer group were partially fertile. Somewhat greater fertility was 
found in crosses between T, polonicum and the naked wheats of the spelt 
group, also between naked forms of the emmer group and the covered 
form of the spelt group. Some of the latter crosses seemed wholly fertile. 
Crosses between naked wheats proved wholly fertile. 

Vilmorin (1880 and 1883) concluded that spelt and common wheats 
belong to one group and durum and turgidum to another, for crosses 
between any form in the first group with any form in the second group 
gave all cultivated forms of the spelt and emmer groups in later 
generations. Tschermak (1913) obtained similar results only from 
crossing solid- and hollow-stemmed varieties of the respective groups 
and only obtained polonicum forms when using polonicum as one of 
the parents. 

r. dicoccoides was reported as being found wild as early as 1885. 
Aaronsohn (1910) found many wild forms of T, dicoccoides in Palestine. 
Love and Craig (19196) have produced P. dicoccoides synthetically by 
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crossing durum and common varieties, which indicates rather close gene¬ 
tic relationships between these forms. Aamodt and Levine (1925) 
compared the reaction to black stem rust of the synthetic wild form 
obtained by Love and of T, dicoccoides. Both types gave similar reac¬ 
tion to several physiologic forms. It is essential to point out that all 
crosses between the cultivated naked emmer wheats with naked wheats 
belonging to the spelt group are not entirely fertile. Indications of 











Fig. 27. —Wild wheat from Palestine and the New Hybrid. Here is shown a spikelet of the 
true wild wheat and one of the hybrid forms. {After Love and Craig, 1919.) 


partial sterility are generally apparent if the results are carefully analyzed 
(Kezer and Boyack, 1918, Freeman, 1919; Hayes and others, 1920). 

Sax (19216) has studied sterility in Fi species crosses using six species. 
These were T. monococcum, T. durum, T. turgidum, T. pdonicum, T. 
vtdgare and T. compactum. He based his results on the sterility of the 
Fi as determined by the number of seeds set per spikelet and the perorait- 
age of sterile pollen grains. The results are presented in the following 
tid:de: 
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Table XLIX.—Sterility in Fi Species Crosses in Wheat 



Group 

number 

Grains per spikelet 

Per cent poor pollen 

Number 
of tests 

Average 
number 
of grains 

Number 

tests 

Per cent 
poor 
pollen 

T. monocaccum . 

1 

1 

0.97 

1 

0.3 

T. durum . 

2 

1 

2.91 

1 

1.9 

T, turgidum . 

2 

1 

1.93 

1 

1.5 

T. polonicum . 

2 

1 

1.85 

1 

1.6 

T. vulgare . 

3 

4 

2.33 

3 

1.1 

Turgidum X monocaccum. . . . 

2 X 1 

1 

0.00 

1 

97.7 

Vulgare X turgidum . 

3X2 

3 

1.39 

1 

15.2 

Vvlgare X durum . 

3X2 

6 

0 72 

5 

15.7 

Vulgare X polonicum. . . . 

3X2 

2 

1.13 

2 

15.5 

Vvlgare X vulgare . 

3X3 

5 

2.93 

1 

0.4 

Durum X turgidum. . , | 

2X2 

2 

3.60 

1 

0.9 

Durum y. polonicum. . .| 

2X2 

1 

2.61 

1 

1.2 


With the results of this experiment as a basis, Sax obtained the same 
grouping as Tschermak although the sterility results were similar to 
those obtained at Minnesota. 

1. Einkorn group: T. monococcum. All varieties cross fertile; 
sterile or only slightly fertile with emmer and spelt group. 

2. Emmer group: T, dicoccum, T, durum, T. turgidum, and T. 
polonicum. All species and varieties cross fertile; partially sterile with 
spelt group; sterile or slightly fertile with einkorn group. 

3. Spelt group: T, spelta, T. vulgare, and T. compactum. All species 
and varieties cross fertile; sterile with einkorn group; partially sterile 
with emmer group. 

Blaringhem (1914) crossed einkorn with T, durum and T, turgidum 
and obtained Fi plants. Some seeds set on the Fi and in the later 
generations some plants were fertile. Tschermak believed these seeds 
on Fi plants were the result of natural crossing. 

Wheat species have been classified by Vavilov (1914) according to 
susceptibility to Puccinia triticiua. The groups were similar to those 
obtained as a result of sterility studies. They are as follows: 


IMMUNJO 

T, monocaccum 


Rssistant 


T. durum 

T. 

T, polonicum 

T, 

T, turgidum 

T. 


SUSCBPTIBLB 

mdgare (a few immune) 

compactum 

spdta 


T. dicQccum produced both resistant and susceptible varieties. 
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Zade (1914) determined three groups of wheat species as a result 
of serological relationships. Results were determined by using a serum 
of the different wheats and determining the reaction with the antigen of 
the wheats of the same group and those of the different groups. The 
following method of procedure was used: 

The extract of the different cereal species was prepared by grinding a 
quantity of seeds in a mill. For 10 grams of the meal, 75 cubic centi¬ 
meters of a physiological salt solution was used (0.85 gram NaCl to 100 
cubic centimeters H 2 O). A part of the extract was reserved and another 
part injected into a rabbit. Blood from the injected rabbit was then 
carefully filtered and to this blood serum various concentrations of the 
original solution were added. Three readings were taken: 

1. The number of minutes before a slight precipitation was observed. 

2. The number of minutes until medium precipitation. 

3. The number of minutes which elapsed before heavy precipitation 
was observed. 

In the following table only a concentration of 1:10 of the extract 
of the cereal meal on a physiological salt solution is recorded: 


Precipitated solution 


otrengtn oi pnysioiogicai 
salt solution of 1:10 

T. 

mon. 

T. 

dicoc. 

T. 

dur. 

T. 

turg. 

T, 

pol. 

T. 

spelta. 

T. 

vulg. 

T. 

comp. 

T, monococcum . 

1 

3 

4 

3 

3-4 

4 

3 

3 

T, dicoccum . 

3-4 

1 

2 

2 

2 

3 

3-4 

3 

T, durum . 

5 

2 

1 

2 

2 

3 

3-4 

3 

T, turgidum . 

7-8 

3 

3 

2 

3 

5 

4-5 

5 

T, polonicum . 

6-7 

3 

2 

3 

1 

5 

4-5 

5 

T. spelta . 

3-4 

3 

3 

3 

3 

1 

2 

2 

T, milgare . 

5-6 

3-4 

3-4 

4 

4 

2 

1-2 

2 

T, compactum . 

5-6 

j 4-5 

4-5 

5 

1 

4-5 

3-4 

3 

2 


The results of this experiment likewise place wheat species in three 
main groups. 

The wheat groups were found to be separated in a similar way on the 
basis of pollen size (Sax, 19216). 


Name 

Group 

Diameter of 
pollen grains 
in microns 

Average 

Binkom. 

Binkom 

51.6 

51.6 

Kubanka {durum) .. 

Bmmer 

56.5 

66.3 

Alkska {turgidum). . 

Bnuner 

67.1 

Hybrid 143 {vidgare) .. 

Spelt 

Spelt 

60.1 

60.2 

Marquis {ptdgare) . 

60.3 
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The wheat species may be classified also on the basis of chromosome 
numbers. Various early workers (Overton, 1893; Komicke, 1896; 
Nakao, 1911) reported eight as the haploid number in T. vulgare. In 
1918 Sakamura reported the following chromosome numbers for each of 
the important species. 


T. vulgare . 

T. compactum. 

T. Spelta . 

T. turgidum .. , 

T. durum . 

polonicum .. 
T. dicoccum. . . 
T. monococcum. 


42 diploid | 
42 diploid i 
42 diploid J 
28 diploid' 
28 diploid ! 
28 diploid 
28 diploid 
14 diploid 


Vulgare group 


Emmer group 


Einkorn group 


These counts have been verified by Sax (1921a), Kihara (1919, 
1921, and 1924) and Watkins (1924). Kihara (1924) found that the 
species of Aegilops contained 28 chromosomes, while Percival (1926) 
found three groups of species of aegilops with 7, 14, and 21 chromosomes 
haploid, respectively. 

Chromosome Behavior in Wheat Species Hybrids.—Type examples of 
chromosome behavior in crosses between related species which'differed 
in chromosome numbers were given in the chapter entitled Plant Genetics. 
Fairly extensive studies have been made of chromosome behavior in 
wheat species crosses and between crosses of Triticum species with 
Aegilops cylindrica and with cultivated rye. Some of the more interest¬ 
ing results will be summarized. In crosses between winter rye, which 
contains 7 pairs of chromosomes, and Triticum vulgare which were studied 
by Kihara (1924), the somatic number of Fi was 28 as would be expected. 
In diakinesis there was only a very loose affinity between the chromosomes 
of wheat and of rye and 7 complete bivalents were not found although 
in one case 3 bivalent chromosomes were observed. All of the univalents 
do not divide equationally in the heterotypic division and division both 
at the heterotypic and homotypic stages is very irregular. In contrast 
with this, fairly uniform results were obtained in both the heterotypic 
and homotypic stages of the F\ generation of crosses between T, dicoccum 
and r. vulgare. The Fi plants contained 35 chromosomes. The 14 
chromosomes of dicoccum paired with 14 of vulgare making 14 bivalents 
and there remained 7 univalents. In the heterotypic division the biva¬ 
lents separated and 14 chromosomes passed to either pole. The seven 
univalents split longitudinally and passed to either pole, thus producing 
daughter cells containing 21 chromosomes. At the homotypic division 
the 14 univalents which formerly were members of the 14 bivalent group 
divided longitudinally and passed to either pole. The remaining 7 
univalents which already had performed their equational division passed 
at random to either pole. The daughter cells contain 14 to 21 chromo- 
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somes and the frequencies with which each of the numbers will be pro¬ 
duced are given by the expanded binomial (1 + 1)^. 

Gaines and Aase (1926) have summarized chromosome relationships 
in wheat species crosses in a very interesting manner. The summary 
given here is quoted directly from their paper: 

It seems significant in this connection that when Triticum monococcum L. (var. 
Homemanni Kcke.) with 7 chromosomes is crossed with T, turgidum L. 


TRITICUM TUROIOUM TRITICUM VULCARE AEGILORS CYLINDRICA 



Fig. 28. —Diagram illustrating hypothetical relationships of chromosomes. The 7 
chromosomes in set a and the 7 chromosomes in set b are present in both Triticum vvlgare 
(21 chromosomes as the haploid number) and in T. turgidum (14 chromosomes). The 7 
chromosomes in set c are present in T. vvlgare and in Aegilops cylindrica but not in Triticum 
turgidum. The 7 chromosomes in set d are present in Aegdope but not in either T. vvlgare 
or T. turgidum. A 21-chromosome wheat X a 14-chromo8ome wheat gives rise to sporo- 
cytes with 14 paired and 7 unpaired chromosomes (lower left). A 21-chromosome wheat X 
Aegilops cylindrica gives rise to sporocytes with 7 paired and 21 unpaired chromosomes 
(lower center, Aegilops cylindrica X Triticum turgidum gives rise to sporocytes with 28 
unpaired chromosomes (lower right). 


(var. pseudo-cervinum Kcke.) characterized by 14 chromsomes, all the 7 chromo¬ 
somes of T. monococcum find synaptic mates. When T. vulgare (or other wheat 
with 21 chromosomes) is crossed with T. turgidum (or other wheat with 14 chromo¬ 
somes), all the 14 chromosomes of T. turgidum find synaptic mates (Sax, 1922). 
When Triticum vulgare is crossed with Aegilops cylindrica, with 14 chromosomes, 
only 7 of the Aegilops chromosomes find synaptic mates (Text, Fig. 45; also Sax 
and Sax, 1924). When Aegilops is crossed with T, turgidum L. (var. Plinianum 
Kcke.), none of the Aegilops chromosomes find 63 rnaptic mates (research in prog¬ 
ress). These facts suggest the hypothesis illustrated by the diagrams in the text 
(Fig. 28), It is here supposed that the gametes of the 21-chromosome wheats con¬ 
tain three dissimilar sets a, &, and c, of 7 chromosomes each. Two of th^ sets, a 
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and by are duplicated in T. turgiduniy and the third set, c, is duplicated in Aegilops 
cylindricay but missing in T. turgidum, Aegilops and T. turgidum have no sets in 
common. Thus when a 21-chromosome wheat is crossed with T, turgidurriy the 
chromosomes in sets a and h pair, respectively, but the chromosomes in set c, 
finding no synaptic mates, remain unpaired. When the 21-chromosome wheat is 
crossed with Aegilopsy the chromosomes in set c pair and chromosomes in sets a 
and by lacking synaptic mates, remain unpaired, and for the same reason the 
chromosomes in set d of Aegilops remain unpaired. When Aegilops is crossed with 
T. turgidum, all the four sets of chromosomes are dissimilar, and hence no homolo¬ 
gous mates are present and pairing can not take place. 

Thompson (1926) obtained similar results and, in addition, he believes 
that the 7 chromosomes haploid of rye belong to a different set from those 
of the Triticum and Aegilops genera. 

Crosses between Aegilops and Triticum.—^Leighty, Sando, and Tay¬ 
lor (1926) have reviewed the literature of Aegilops and Triticum crosses. 
They have likewise presented the results of an extensive series of experi¬ 
ments of crosses between species of Aegilops with various wheat species. 
Fi plants were matured from each cross of Aegilops and Triticum species 
(or subspecies). These F\ plants were highly self-sterile although slight 
self-fertility was obtained. Backcrosses of the Fi generic hybrids with 
wheat were made. These hybrids, often called A. speltaeformis by 
earlier writers, were partially self-fertile. Among the interesting features 
of Aegilops-whesit crosses are the instances of natural hybridization of 
Aegilops and Triticum. Percival holds the view that Triticum vulgare 
and its allies may have descended from crosses of Aegilops and the so- 
called durum series. It will be remembered that Gaines and Aase 
(1926) have concluded that T. vulgare has two series of 7 chromosome 
groups homologous with members of the emmer series, that Aegilops 
cylindrica and T. vulgare have one series of 7 chromosomes in common 
and that Aegilops and the emmer series have no chromosomes in common. 
Thus, for example, when Aegilops and T. turgidum are crossed all four 
set of chromosomes are dissimilar; no homologous mates are present 
and pairing cannot take place. 

Tschermak and Bleier (1926) have observed several cases of fertile 
constant breeding hybrids of crosses between Aegilops ovata with T. 
dicoccoides and T. durum. These resembled the sterile hybrids usually 
obtained from such crosses. From cytological studies it was decided 
that they contained 28 pairs of chromosomes which is double the number 
of the two parents. Tschermak and Bleier believe this lends weight to 
Percival^s view. 

Crosses between T. Burum and T« Bicoccum Wheats with T. Vulgare. 

Varieties of durum and dicoccum are frequently more resistant to diseases 
such as black stem rust, caused by Puccinia graminis tritici than members 
of the vidgure group. Durum wheats also are thought to be more drouth 
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resistant than varieties of vulgare. The question of whether valuable 
characters of the 14-chromosome group can be combined with the char¬ 
acters and chromosome number of vulgare wheat is of much importance 
in plant breeding. Sax (1923) doubts the possibility that rust resistance 
can be transferred from varieties of T. durum to T. vulgare by crossing 
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Fig. 29. —Upper group from left to right: Face and aid© views respectively of lumillo 
durum (C. I., 1736), Fi lumillo X Marquis, and Marquis. The Fi spikes are intermediate 
in density, have tipped awns and the outer glumes are keeled although not so strongly as 
lumillo. Lower group, left to right, face and side views respectively of Emmer, Minn., 1166, 
P% Emmer X Marquis, and Marquis. The Pi approaches the Emmer in some spike 
characters and has tipped awns. 


and apparently favors the hypothesis that rust resistance is frequently 
dependent in species hybrids upon the ‘'physiologic condition of the 
host.” In studies conducted by Sax, accurate correlated data of various 
morphological characters, chromosome numbers, and rust resistance 
were taken. The number of plants worked with was small and not exten¬ 
sive enough to warrant a oonclusdon as to the possibilities of transferring 
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Fig. 30. —Representative apikes'of ¥% families of the cross between Durum and Marquis* 
Upper four groups, F» families which were classified as durums. Note that they represent all 
types of spike density. Lower left, spikes of an awnless Fs Emmer family. Lower right, 
four spikes of an Fs plant which resembled common wheat in spike shape and which proved 
rust resistant. 
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characters from durum to common wheats. Other characters, moreover, 
such as grain color, can be transferred from 14-chromosome wheats to 
the 21-chromosome group and rust resistance and susceptibility are 
conditioned by genetic factors. Thompson (1925), in a similar study, 
found that resistance to rust could be transferred from durum to common 
wheats although the common wheat segregates were not as resistant as 
the durum parents. Thompson found that the vulgareAAke segregates 
commonly showed one or a few durum characters. 

Rather extensive studies have been conducted in Minnesota (Hayes 
and others, 1920, 1925) in attempts to transfer the rust resistance from 
durums to common wheats. From crosses of Marquis, T. vulgare X 
lumillo, a variety of T, durum, a homozygous vulgare selection with 21 
pairs of chromosomes has been obtained and named Marquillo. This 
new variety is rather rust resistant although in this respect not the equal 
of the lumillo parent. Furthermore, it appears from crosses of this new 
variety with common susceptible wheats that the rust resistance of Mar¬ 
quillo is dependent upon at least two main genetic factors, these factors 
having been transferred from lumillo. This new variety appears about 
the equal of Marquis in milling and baking qualities although it is rather 
susceptible to root rot, a character obtained without doubt from its 
durum parent (Hayes and others, 1925). 

In a cross between Mindum, T. durum, and Velvet chaff, !F. vulgare, 
a homozygous segregate which appeared to be a vulgare wheat was obtained 
which was highly resistant in the seedling state in the greenhouse to two 
physiologic forms of rust to which Mindum was resistant and vulgare 
wheats commonly are susceptible. 

McFadden (1925), in South Dakota, has studied large numbers of 
plants of a cross of a resistant emmer, T, dicoccum, and Marquis. Com¬ 
mon wheats have been obtained which have proved highly resistant for 
many years in his plots. One of these was grown in Minnesota in 1925 
and proved very highly resistant. From counts made by Griffee they 
are known to belong to the 21-chromosome group. 

These results prove conclusively that rust resistance can be trans¬ 
ferred from durum and dicoccum wheats to the 21-chromosome group. 

Inheritance of Milling Quality.—It is generally recognized that mill¬ 
ing quality is dependent upon genetic factors but the number and nature 
of these factors is unknown. Environmental conditions influence the 
expression of these factors so profoundly that a study of the inheritance 
of milling quality is almost impossible. Farrer, one of the earliest breed¬ 
ers to study quality, recognized and often stated that milling and baking 
quality was an heritable character. Various wheat breeders, including 
Biffin and Engledow (1926) in England, Saunders in Canada, and the 
Howards in India agree that nulling quality is an heritable character. 
There is every reason to conclude that good milling quality can be com- 
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bined with other desirable characters by crossing and selection. It 
was observed both in England and in India that varieties which differed 
in baking qualities tended to retain their same order of flour strength at 
different stations. It is a matter of common knowledge that some Ameri¬ 
can varieties of wheat are consistently better in milling and baking quali¬ 
ties than others. Zinn (1923) has analyzed much of the published data 
of milling and baking quality and of other chemical characters of Ameri¬ 
can wheats. He found a strong correlation between the amount of 
crude protein in the wheat and in the flour. Loaf volume, as determined 
by experimental baking trials, was rather highly positively correlated 
with protein content. While protein content is dependent upon inherit¬ 
ance, environmental conditions strongly influence its development. 
Clark (1926) has attempted studies of the inheritance of protein content 
and believes that protein is dependent upon genetic factors as well as 
environmental conditions His results serve to emphasize the difficulty 
of studying the inheritance of such characters. 

T. Polonicum Crossed with Other Species.—Crosses between polonicum and other 
forms have been studied. Tschermak (1913), in a cross between polonicum and vvl~ 
garCj explained the results by two main factor differences. The Fi was of intermediate 
glume length and in Fi polonicum^ dummy and vulgare forms were obtained as well as 
intermediates. Pure polonicum was considered to contain two dominant factors in 
the homozygous condition; durum, one dominant factor pair in the homozygous 
condition; and the pure vulgare forms, both factors in the recessive condition. 

Engledow (1920, 1923) studied the inheritance of glume length in a cross of Polish 
wheat, T. polonicum, with Kubanka, T. durum. The ratio for glume length classes in 
Fi approximated 1 long:2 intermediates:! short. The extracted Polish types 
averaged 20 per cent shorter for glume length than the Polish parent and the durum 
segregates produced somewhat longer glumes than Kubanka. A genetic explanation 
of this result was not found. 

Polonicum (Backhouse, 1918) crossed with durum or turgidum gave intermediate 
glume length in F\ and segregation in Fj in a ratio of 3 longs and intermediates: 1 
short. Biffen (1916) and Backhouse in separate studies considered the factor for 
polonicum glume to inhibit chaff pubescence and color. In a cross between durum 
(Kubanka) with a polonicum variety, the Fi segregated for glume length and hairy 
chaff. The short-glumed plants were in a ratio of 3 hairy: 1 smooth, while the long- 
glumed plants were difficult to classify for condition of chaff. Crosses of different 
long-glumed plants with other wheats showed that a part of these long-glumed wheats 
contained a genetic factor for hairy chaff. Results were explained on the hypothesis 
that the factor for long glume partially inhibited development of hairy chaff. Similar 
results were obtained by Biffen (1916), for inhibition of glume color by the polonicum 
factor for glume length. 

Some Linkage Results in Wheat Crosses.—In crosses between the different species, 
some evidences of linkage have been observed. In turgidunv-vulgare crosses, Biffen 
(1905) obtained complete linkage of gray color of glumes with hairy chaff, Engledow 
(1914) crossed a black-glumed wheat obtained from a turgidum-Me cross with a rough- 
chaffed, white-glumed variety, Essex Rough Chaff. The ratio obtained in Ft was 
explained on the basis of repulsion between the factors for black glume color and those 
for hairy chaff on the 1:3:3:1 series. Kezer and Boyack (1918) obtained com- 
i^tote linkage of black and hairy chaff in a cross of black winter emmer with a smooth^ 
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white-chaffed winter wheat {T, wlgare). Freeman (1917) obtained some correlation 
between a high ratio of width to thickness of spike and hardness of grain in crosses 
between T, durum and T, vidgare. He considers, however, that numerous factors are 
necessary for the development of these characters. 

In crosses between members of the 14-chromosome group with members of the 
wlgare group certain characters which differentiate these groups such as grain quality, 
type of keel of the outer glume, spike density, thickness of neck, etc. tend to be linked 
although Thompson does not believe the correlation to be absolute. 

Nilsson-Leissncr (1925) has studied crosses between T. spelta and T, wlgare. The 
so-called spelt characters, brittle rachis, 2 to 3 kerneled spikelets, thick, blunt, firmly 
closed outer glumes, prominent veins, and comparatively lax ears appear dependent 
upon a single gene or a closely linked gene complex. Genes which modify length of 
intemode also effect degree of spelting. In the of the cross between spelta and 
wlgare, there appeared to be a linkage between the spelt factor and the factor for awns. 
The F 2 ratio was as follows: Speltlike awnless, 368:speltlike awned, IbZwulgare, 
awnless, l^Qwulgare, awned, 36. In F^ and F^ similar results were obtained and 
some lines agreed well with a coupling series while others were in the repulsion phase. 
The segregation classes agreed well with a crossing-over percentage of 35. Kajanus 
(1923) obtained similar results. 

A fairly definite linkage in wheat has been reported by Gaines and Carstens (1926). 
The linkage was found in a cross of Velvet Node, a bearded variety with a hairy node, 
with Hybrid 128, an awnless variety with a smooth node. The calculated crossing- 
over percentage was 5.2. 

Spike Density.—Compactness of spike, color of seed and chaff, texture of seed, 
and presence or absence of awns are frequently used in wheat variety classification. 

Nilsson-Ehle (19115), in crosses between compact and squarehead (middense) 
wheats, obtained compact forms in Fi and segregation into compact, middense and 
lax in Fi, He explained the results by supposing the main factor differences to be as 
follows: 

Swedish Club (compact) CCL 1 L 1 L 2 L 2 
Squarehead cclihhh 

The C factor was considered to inhibit the expression of the lengthening factors 
Li and Lj, and also to produce spikes with short internodes. While these factors 
gave a satisfactory explanation of his crosses Mayer Gmelin (1917) showed that they 
did not explain the production of compact-spiked forms which he obtained from crosses 
of spelt (lax) and Essex Velvet Chaff, which is middense. In F 2 generations grown 
from individual plants of a cross between white spring emmer and Marquis, studied 
at the Minnesota Experiment Station, a very common sort of segregation was from 
lax, keeled, speltlike wheats to compact, keelless, naked wheats. This might indicate 
that spelt wheats contain a compact factor which is prevented from expression by 
some other genetic factor. 

Crosses between T, compactum and T, wlgare by Spillman (1909) and Gaines 
(1917) have shown one main factor difference for compactness. Parker (1914) made 
careful measurements of intemode length in crosses of wheats belonging to T. com- 
pactum with those of T, wlgare. He was able to demonstrate segregation but found 
the condition very complex. Results of this nature have been satisfactorily explained 
by the multiple-factor hypothesis. The number of factors involved cannot accurately 
be determined. Nilsson-Ehle, likewise, states that, besides the main factor differ¬ 
ences, there are other minor factors which influence spike density and account for a 
wide range of homozygous forms. 

Stewart (1926) studied crosses of Sevier and Federation, varieties of T, mdgare, 
Sevier is somewhat more dense than Federation. The nature of the Ft segregation 
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was determined by studying the Fz progeny of individual Fz plants selected at random. 
Homozygous lax, heterozygous, and homozygous dense forms occurred in the ratio 
1:2:1. The dense forms were more dense than Sevier and the lax forms more lax than 
Federation. Only a very few forms were similar to the parents and no homozygous 
strains of intermediate density between the parents were observed but the number and 
nature of the minor modifying factors, if such occurred, were not determined. 

Seed Characters.—Color of seed, which results from a brownish, red pigment in 
one of the bran layers (remains of nucellus) has been quite consistently used in variety 
classification. This is a plant character and not, therefore, immediately affected by 
pollination. Red is dominant over white and in the second generation a ratio of 3 
red-seeded plants:! white-seeded plant is often obtained. Nilsson-Ehle (19116) 
was the first writer who reported crosses which in Fz gave 15:1 or 63:1 ratios of red- 
and white-seeded plants. The Howards (1912). in India, have obtained 63:1 ratios in 
crosses of American Club with pure lines of Indian wheats, and Gaines (1917) in 
Washington, has obtained similar results from a cross between Bluestem (red seed) 
and Brown’s Glory (white club wheat). Nilsson-Ehle obtained a ratio of 15 red- 
seeded plants:! white-seeded plant from a cross of two red-seeded varieties. The 
inheritance of this seed color has been explained by one or more Mendelian factors, 
each when present giving red and when absent white. The factors are separately 
inherited, each when homozygous producing somewhat darker color than when hetero¬ 
zygous. They are also cumulative, two factors giving a darker color on the average 
than one of these factors alone. It is impossible, by inspection, to determine how 
many factors are responsible for a particular varietal seed color. 

Harrington (1922) concluded that Kitchener contained two independently inher¬ 
ited factors for grain color, while some strains of Red Bobs and Hard Red Calcutta 
contained two and others one. 

Hayes and Robertson (1924) found that Marquis contained two independently 
inherited factors for red-grain color and that these were independent in inheritance 
of the factor for red-grain color carried in Kanred and Minturki winter wheats. 

Texture of seed has also been used in varietal classification and is a character 
which determines to some extent the market class in which the variety will be placed. 
Biffen (1916) found immediate effect of pollination in a cross of Rivet, a hard-seeded 
turgidum with pollen from a soft Polish variety. The Fi generation plants produced 
hard seed and the Fz segregated into hard- and soft-seeded plants in a ratio of 3:1. 
The Howards (1915) obtained an intermediate condition in Fi plants and a 1:2:1 
ratio in Fz in crosses between hard- and soft-seeded strains. Freeman (1918) crossed 
hard-seeded durums with T, vidgarej variety Sonora, a soft-seeded wheat. The Fi 
plants produced hard, intermediate, and soft seeds. The hard seeds of the Fi tended 
to give more hard-seeded plants in Fzj and the soft-seeded tended to give more soft- 
seeded plants. Freeman carried the study through Fi. He explained his results on 
the basis of two factors for starchiness, each inherited independently. He sup¬ 
posed each to produce half as much soft starch when heterozygous as when homo¬ 
zygous. As the endosperm is the result of the fusion of two polar nuclei with one of 
the male generative nuclei, there may be a range of from none to six factors for 
starchiness of the endosperm. This assumption was shown to explain results quite 
satisfactorily. The above starchiness is believed by Freeman to be quite different 
from the well-known yellow berry of wheat. Numerous workers have shown that 
varieties and strains differ widely in the amount of ** yellow berrywhen grown under 
the same environmental conditions. Texture of seed is, however, a character which 
is quite easily modified by unfavorable environmental conditions. 

Cliaff Characters. —There are a number of different intensities of the chaff color. 
In some cases a deep brownish-red color is present, in other cases a light brownish- 
red, and frequently the outer glumes have dark brownish-red striations on a slightly 
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colored or colorless background. Biffen (1905) studied crosses between so-called 
red and colorless and obtained red or reddish color in Fi and a 3:1 segregation of colored 
to colorless in F 2 . Kezer and Boyack (1918), in winter-wheat crosses in which the 
parents differed in chaff color, obtained intermediate color in Fi and segregation in a 
3:1 ratio in F 2 . Simple ratios in varietal crosses have been reported by others for this 
color character. As there are different intensities which are quite uniform in inherit¬ 
ance, it seems reasonable to conclude that there are different factors in different 
varieties for brownish-red color. In a durum-vtdgare cross, Love and Craig (1918a) 
obtained in F 2 an indication of a 15:1 ratio for brownish-red and colorless chaff. 

Besides the chaff colors there are awn colors. The Howards (1915), in India, 
obtained a ratio in F 2 of 3.45 black-awned: 1 colorless in a cross between Indian wheats. 

Hairy chaff is a varietal character of considerable classification value. The 
Howards have made extensive studies of this character. Under linkage relations a 
number of cases were given in which hairy chaff was correlated with glume color. 
Henkemeyer (1915) reports different crosses, one in which hairy chaff is correlated with 
white chaff and another in which these characters are independently inherited. This 
leads one to suspect that there are two kinds, either of hairy chaff or of chaff color. 
The Howards have been able to demonstrate two kinds of hairs on the glumes of 
Rivet wheat. Two Indian varieties were likewise studied. Each produced hairy 
chaff, but differed in the sort of hairs produced. In crosses between these varieties, 
ratios of 15 pubescent: 1 smooth were obtained in F 2 . 

Presence or Absence of Beards.—Wheats have been classified as bearded and 
awnless but this is not genetically correct. The awn is an extension of the flowering 
glume. The common wheats, like Marquis and Bluestem, are not truly awnless for 
there is a short extension of the awn particularly in the spikelets at the top of the spike. 
Ratios of 3:1 have been obtained generally in crosses between bearded and so-called 
awnless (tip-awned) wheats. The Howards (1915) explained the inheritance of these 
characters by supposing two factors, A and R, to be present in a homozygous condition 
in bearded wheats. They have found two kinds of very short-awned wheats, one like 
the tip-awned Marquis or Bluestem, and the other with somewhat longer tip awns. 
Each of these varieties was found to contain one of the factors AorB in a homozygous 
condition. In crossing a tip-awned wheat like Marquis with bearded varieties, the 
Fi generation, as a rule, shows an extension of the tip awns and it is frequently possible 
to separate these Fi plants from the tip-awned parent. In crossing bearded with true 
beardless, the Fi is apparently beardless and there is a range in F 2 from completely 
bearded to awnless. Fully bearded plants breed true for this character. 

Other workers have used a two-factor hypothesis to explain the segregation in 
crosses between awnless and bearded varieties. In some cases it is believed that there 
are modifying factors which affect the expression of the main factors (Clark, 1926). 
Stewart explained his results by supposing that the two main factors for beards were 
linked. It is apparent that the inheritance of presence and absence of awns and of 
intermediate types is more complex than it was thought to be formerly and further 
study of the problem is necessary. 

Inheritance of Disease Resistance.—^Biffen (1907a, 1912, and 1917) has found 
that the inheritance of host reaction to stripe rust, Puednia glumarumy is a simple 
Mendelian character. Susceptibility is dominant over resistance and in ratios of 
3 susceptible: 1 resistant are obtained. Nilsson-Ehle (19115) in a similar study found 
the Fi generation resembled the susceptible parent in some cases, the resistant in 
others, and was intermediate in still others. Complex segregation for resistant versm 
susceptible forms was obtained in later generations. Results were explained on the 
multiple-factor basis. Armstrong (1922) found that the Ft of a cross of a resistant 
and susceptible variety was of an intermediate nature. Besistanoe and susceptibility 
appeared to be dependent upon a single-factor pair although genetic factors ^ other 
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plant characters apparently modified the expression of the factors for resistance and 
susceptibility. 

Studies by Stakman and others (191^1922) have shown the probable reason for 
conflicting reports regarding inheritance of resistance to black stem rust of wheat, 
Pixainia graminis tritici. They have demonstrated the fact that there are a number of 
physiological or racial forms of rust roughly analogous to pure lines. These forms 
can be differentiated only by their specific reaction to pure-line wheat varieties. 
Studies of their constancy indicate that they are not easily modified, i.e.j that the 
parasitic reaction of each form is constant. As has been noted it appears possible to 
transfer the rust resistance of T. durum and T, dicoccum to T, vulgare by suitabh 
crosses. 



Fig. 31.—Resistance of parents and crosses to a strain of stem rust. From left to right: 
Culms of resistant Durum wheat; Fx of Durum X Marquis, susceptible; Marquis, suscepti¬ 
ble; Fi of Emmer, Minn. 1165 X Marquis, as resistant as the Durum varieties; Emmer. 
Minn. 1166, a very resistant variety. 


As there are many physiologic races of rust which can be differentiated only on 
the basis of their reaction upon particular wheat varieties, it seems reasonable to 
expect numerous genetic factors which condition resistance and susceptibility. In 
some cases resistance and immunity are dominant to susceptibility and in other 
crosses susceptibility has been found to be dominant to resistance. 

Several crosses have been carefully studied where the parents reacted in a recipro¬ 
cal manner to two physiologic races of rust. These comprise crosses of durum X 
mdgaref durum X durum^ and vtdgare X vulgare. In each case varieties were obtained 
which contained factors for resistance or immunity to both rust forms and other 
varieties which were susceptible to both (JPuttick, 1921; Harrington and Aamodt, 1923; 
Hay^ aad Aamodt, 1923). 
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There are two sorts of resistant varieties. Some varieties are highly resistant 
in the greenhouse in the seedling state and these varieties, when mature, are resistant 
to the same physiologic forms of rust under field conditions. Some varieties, however, 
are rather susceptible in the seedling state in the greenhouse to certain physiologic 
forms but they may be highly resistant to these same forms under field conditions 
when approaching maturity. The resistance in the seedling state is believed to be 
physiologic in nature, while there is some evidence that the resistance of plants when 
approaching maturity is dependent upon morphologic characters (Hursh, 1924). 

Kanred, a winter-wheat variety of the Crimean group, is immune from 11 physio¬ 
logic forms of rust and highly resistant to 9 others. The immunity of Kanred is a 
dominant character in crosses and dependent upon a single factor pair (Aamodt, 1923). 
If resistance to several physiologic races is controlled by a single genetic factor, the 
problem is simplified greatly (Hayes and Stakman, 1922). 

There is some evidence that the field resistance of Marquillo (the 21-chromo8ome 
segregate, from the cross of lumillo and Marquis) to many and perhaps all physiologic 
forms is dependent upon two main pairs of factors and that these are independent in 
inheritance of the factor for immunity carried by Kanred. The resistance of Mar¬ 
quillo and of Kota (the nist-resistant variety of T. vulgare produced from a plant selec¬ 
tion at the North Dakota Station), moreover, appears to be dependent upon different 
factors since crosses of Kota X Marquillo are preponderantly susceptible although 
resistant types can be recovered. 

Gaines (1918, 1920, 1923, 1925), Gaines and Singleton (1926), and Briggs (1926) 
have studied the inheritance of resistance of wheats to bunt or covered smut caused by 
Tilletia tritici. The method used in studying bunt resistance was to blacken the seed 
with smut spores just before planting and study the individual crosses and strains 
in the segregating generations by the individual-plant method. Some wheats such as 
Martin, Hussar, and White Odessa are bunt free and are considered immune. Turkey 
and Florence arc highly resistant. Forty Fold and Red Russian are slightly resistant. 
Most bread wheats are susceptible. Crosses between susceptible varieties have given 
only susceptible offspring while crosses between resistant varieties have shown trans¬ 
gressive segregation and from such crosses lines have been obtained which bred true 
for either immunity, resistance, or susceptibility. 

Susceptibility is generally dominant to resistance while crosses of the immune with 
the susceptible are resistant in Fi. Gaines has studied over 25 separate crosses and 
explains the results obtained in each on a multiple-factor basis. On the other hand 
Briggs explained the results of one cross between immune and susceptible varieties 
by a single dominant factor for immunity. 

Spring versus Winter Habit.—Various investigators have studied the inheritance 
of spring versus winter habit of growth. True winter wheats, when planted in the 
spring, fail to head, as a rule, although in northern climates, where the day is long, they 
may shoot late in the season. Recent investigators of the mode of inheritance of 
spring versus winter habit of growth have found that spring habit is a dominant 
character. Cooper (1923) explained the results of two crosses of spring versiis winter 
wheats on a monohybrid and dihybrid basis, respectively, while Nilsson-Leissner (1925) 
obtained an approximation to a 15:1 ratio of spring versus winter types in Ft. Vavilov 
and Kouznetzov (1921) and Aamodt (1923) obtained a complicated segregation in Ft and 
later generations and were not able to explain their results on any simple factor basis. 

Spring wheats in general are less winter hardy than true winter wheats although 
some spring wheats, when they are planted in the fall, are much more resistant to 
winter injury than others. Winter hardiness and cold resistance are not necessarily 
the same thing. For example, winter wheats which are most hardy in Minnesota do 
not excel! in winter hardiness in West Virginia. It is believed that these Wheats aw 
cold resistant but are injured by other causes in West Virginia. 
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Inheritance of Other Characters. —Nilsson-Ehle (1911c, 1912) has shown that 
winter hardiness is inherited in much the same manner as other characters. Segre¬ 
gation occurs in Fz and types can be produced in later generations which are homozy¬ 
gous for different degrees of winter hardiness. Crosses made (Hayes and Garber, 
1919) in 1902 between hardy Odessa winter wheat and Turkey varieties were bred for 
several years by continuous selection methods. Odessa is a late-maturing variety and 
does not give a high yield in Minnesota. Turkey is a desirable winter wheat in 
many sections but it lacks hardiness under Minnesota conditions. Two early matur¬ 
ing wheats when grown in Minnesota, Minhardi and Minturki, have been produced 
from the cross between Turkey and Odessa. These new varieties excel in winter 
hardiness and yield. 

Earliness in Wheat.—Several investigators have studied heading and ripening 
periods in wheat crosses. Thompson (1918) found that the Fi generation was about 
as late in maturity as the later parent. Crosses were studied between many pairs of 
wheat varieties differing by many degrees in period of heading and ripening. Each 
Fz generation formed regular curves of probability with intermediate means. The 
multiple-factor hypothesis explained the results satisfactorily when each cross was 
considered separately but whcu all combinations of crosses were considered together 
the results were not so easily explained genetically. Florell (1924) states that other 
workers have found an intermediate period of ripening in Fi but inclined toward one 
or the other parent. Florell placed his Fz generation in a large early group and a 
smaller late group in the ratio of 3.07:0.93 which indicates one allelomorphic pair of 
factors. In some cases, however, more complex segregations were obtained. Clark 
(1926), in crosses of Marquis and Hard Federation, found that early heading was 
dominant to late heading but he was unable to place his results in the segregating 
generation on a definite factor basis. Thompson found that earliness could be com¬ 
bined with other desirable qualities by Mendelian methods although it was neces¬ 
sary to raise large numbers of plants as the majority were of intermediate habit. 

Dwarfs in Wheat.—The mode of inheritance of dwarfs in wheat has been studied 
by several investigators. In some cases the results have been placed on a definite 
genetic basis and they have approximated 3:1 or 13:3 ratios depending upon the num¬ 
ber of factors involved. In one two-factor hypothesis, /> is a dominant dwarf factor 
which, when present, produces dwarfs except in the presence of /, an inhibitor which 
always leads to the production of normals. The progeny of plants heterozygous for 
both I and D segregate in a ratio of 13 normals: 3 dwarfs. When D is homozygous and 
I heterozygous, a ratio of 3 normals: 1 dwarf is obtained. When 7 is absent and D 
heterozygous, dwarfs result and segregation in later generations of 3 dwarfs: 1 normal 
may be expected. Waldron (1924) obtained ratios approximating 55:9, 15:1, and 
63:1 for normals and dwarfs in Fz generations of a Kota-Marquis cross. He explains 
these results by supposing the genes concerned to be in an extremely labile condition 
often changing from dwarf genes to normal and vice versa. Goulden (1926) has studied 
similar material. By a combined genetic and cytologic mode of attack, higher ratios 
such as 16:1 and 63:1, were explained by supposing that as a result of irregular pair¬ 
ing of the chromosomesi trivalents and lagging chromosomes might result which would 
modify ratios. This sort of explanation was first advanced by Winge (1924) to 
account for aberrant ratios obtained in studies of speltoid heterozygotes. 

Speltoid and Other Complex Types in Wheat.—Nilsson-Ehle (1920, 1921), 
Akerman (1920, 1923), Lindhard (1922, 1923), Kajanus (1923), Winge (1924), and 
others have studied various types of abnormalities in wheat with special attention to 
speltoid types. Nilsson-Ehle thought that the so-called speltoid mutations formed a 
set of multiple allelomorphs—normal type, bearded speltoids, and beardless speltoids. 
Akerman observed speltlike bud sports in wheat which often affected parts of a spike. 
In some cases these abnormalities were inherited while in other cases it appeared 
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that the speltoid character affected only the epidermis and the germ cells transmitted 
only normal characters. Deviations from the normal ratio of 1 normal:2 hetero¬ 
zygous : 1 speltoid were common. These were explained by the elimination of certain 
gametes, by heterogamy, i.c., the unequal distribution of the members of an allelo¬ 
morphic pair to the functioning ovules and pollen and by linkage. As has been men¬ 
tioned Winge explains certain deviations through cytological irregularities. 



CHAPTER XI 


CLASSIFICATION AND INHERITANCE OF SMALL GRAINS 
OTHER THAN WHEAT 

In the cases of barley and oats quite usable classifications have been 
proposed. The general adoption of such classification schemes is desir¬ 
able for often great confusion results from the incorrect use of varietal 
names. Classification schemes cannot be given in detail in a plant-breed¬ 
ing text. It seems sufficient here to point out the genetic relationship 
between wild and cultivated species and to give the major so-called 
species groups for the various crops. The more important botanical and 
agronomic characters which are commonly used in varietal classification 
have also been mentioned. As crossing must frequently be resorted to 
as a means of improving small grains, the student should have a working 
knowledge of the known facts of inheritance with respect to particular 
characters. 


CLASSIFICATION AND INHERITANCE IN OATS 

A workable classification of cultivated American oat varieties and the 
basic wild species has been made by Etheridge (1916). The following 
outline of species groups is taken from his publication: 

A, Kernel loose within the surrounding hull; lemma and glumes alike in texture. 

Avena niida. 

AA, Kernel firmly clasped by the hull; lemma and glumes different in texture. 

' B, Upper grains persistent to their rachillas. Avena byzantina. 

‘ Avena sterilie. 

BB, Upper grains easily separating from their rachillas. 

C. Lemma extending as teeth or awn points. 

D. Lemma with four teeth or awn points. Avena abyssinica, 

DD. Lemma with two teeth or awn points. 

E. Lemma elongate, lanceolate, with distinct awn points. 

Avena strigosa. 

EE. Lemma short, abrupt, blunt, rather toothed than awn- 

pointed . Avena brevis. 

CC. Lemma without teeth or awn points. 

D. Basilar connections of the grains articulate... Avena faiua. 
DD. Basilar connections of the grains solidified. 

E. Panicles roughly equilateral, spreading. .Avena sativa. 
MS* Panicles, unilateral appressed.. .Avena mtiva orienialis. 
ISl 
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Chromosome Numbers in Oats.—Various investigators have studied 
chromosome numbers in oats. Kihara (1919) found the following haploid 
numbers: (1) 7, Avena strigosa; 14, A. barbata; 21, A, fatua^ A. saliva^ A. 
sterilisy A. byzantina. Huskins (1926) presents the following counts: 
7, A, brevis, A, strigosa; 14, A. barbata; 21, A. sterilis and A, nuda, Aase 
and Powers (1926) report haploid numbers of 7in A. brevis and A, 
strigosa and 21 in A. sativa, while Goulden (1926) reports A. sativa, A. 
fatua, A. sterilis, A. nuda with 21 as a haploid number and A. brevis, A. 
barbata, and A. strigosa with a haploid number of 7. It is of interest that 
7-, 14-, and 21-haploid chromosome groups are found in oats as in wheat. 

Crosses between Avena Fatua and A. Sativa ,—It is generally accepted 
thsAfatua is the stem species from which A. sativa and A. sativa orientalis 
originated. Tschermak (1914) has made extensive crosses and obtained 
nearly complete fertility in crosses between fatua and sativa forms. Sur¬ 
face (1916) has found a number of characters which in crosses between 
fatua and sativa are associated with the fatua base: (1) heavy awn on 
lower grain, (2) awn on upper grain, (3) fatua base on upper grain, (4) 
pubescence on rachilla of lower and upper grain (5) pubescence on all 
sides of the base of lower grain and pubescence on the upper grain. 

Origin of Cultivated Varieties of A. Byzantina, —Cofifman, Parker, and 
Quisenberry (1926) have adopted the use of the name A. byzantina for 
the cultivated varieties of oats which presumably descended from the 
wild form of A. sterilis. This is the terminology favored by European 
workers. They point out that there is a great deal of variation in such 
varieties as Burt and Fulghum which belong to this group and quote 
Schultz who observed that some cultivated forms of this group resembled 
A, sterilis rather closely while others can scarcely be distinguished from A. 
sativa. Salmon and Parker (1921) suggest that Fulghum may have 
resulted from a natural cross of A. sativa and A. sterilis forms. As some 
cultivated forms of this group differ so widely from wild forms of A. sterilis 
it seems desirable to adopt the specific name, A. byzardina, for this group. 

Norton (1907) pointed out that the red oats grown in southern 
United States without doubt descended from A. sterilis of the Mediter¬ 
ranean region. Trabut (1914) gives convincing evidence that the culti¬ 
vated oats of the Mediterranean region have been obtained from a wild 
A. sterilis, which is still quite common. It is of interest that the culti¬ 
vated oats grown in the warmer regions of the United States descended 
from warm-climate ancestors. The value of this group of oats for the 
southern United States has been shown clearly by Warburton (1914). 

Breeding Oats for Particular Regions. —It is apparent that the 
cultivated varieties of A. byzantina are superior in the warmer regions, 
such as the southern United States, to the cultivated varieties of A. saiiva, 
Arrhenius (1924), in discussing the gray-spot disease of oats which is 
prevalent in Holland and Sweden, states that the use of resistant varieties 
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is one means of controlling the trouble. The disease is characterized by 
the spotting of young leaves at the base, the later breaking and withering 
of the leaves at the diseased places, and the failure in some cases of normal 
fruiting. The disease is non-pathogenic and results from undue propor¬ 
tions of lime in the soil. 

In a study of yielding capacity of oats conducted at the Welsh Plant 
Breeding Station (Jones, 1923), it was learned that one group of varieties 
succeeded better on land of high-producing capacity while a different 
group yielded better on land of low-producing capacity. In breeding oats 
and other small grains disease resistance is an important character. 

Disease Resistance in Oats.—Stem and crown rust, caused by 
Puccinia graminis avenae Erikss. and Henn., and Puccinia coronata 
Corda, respectively, and the smuts Usiilago avenae (Pers.) Jens, and U. 
levis (K. and S.) Magn. are among the most destructive parasites of oats. 
Parker (1918) and Durell and Parker (1920) studied varietal resistance to 
both rusts, while Stakman, Levine, and Bailey (1923), and Mackie and 
Allen (1924) studied reaction to stem rust. Heald (1919), Reed (1920), 
and Sampson and Davies (1923) made studies of varietal susceptibility to 
smuts. Resistant varieties have been obtained and some of the best of 
these have been used in breeding experiments. 

Stakman, Levine, and Bailey (1923) and Reed (1924) observed 
instances of physiological specialization in stem rust and smuts, respec¬ 
tively, of oats. Reed found, however, that certain varieties appeared 
resistant to all the races of smuts which he used. These varieties were 
Black Mesdag, Fulghum, and Red Algerian. In Iowa, Durell and 
Parker found that Green Russian, Ruakura, and A. barbata were resistant 
to both crown and stem rust. White Tartar (White Russian), while 
susceptible to a form of stem rust obtained from Sweden, has proved 
highly resistant in the United States. 

Studies of the inheritance of resistance to crown rust under greenhouse 
conditions in crosses of Burt with Sixty Day, A, sativa, showed segre¬ 
gation in Fi, Susceptible and resistant plants, as well as various inter¬ 
mediates, were obtained (Parker, 1920). 

A study of the inheritance of resistance to stem rust has been made 
at the Minnesota Station (Garber, 1922a). Ei, E 2 , and Fz crosses of resist¬ 
ant White Russian with two susceptible varieties of A. saliva^ Victory 
and Minota, have been grown. The results show that for these crosses 
resistance is a dominant character, the ratio in F^ of resistant and sus¬ 
ceptible plants approximating 3:1. Susceptible F^ plants bred true to 
susceptibility in Fs, while resistant F^ plants were of two kinds: (1) those 
which produced only resistant progeny and (2) those which segregated, 
both resistant and susceptible plants being obtained. 

Qriffee (1922) found that resistance to stem rust can be studied 
advantageously under greenhouse conditions by inoculating several 
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seedling plants of each selection. In this manner, it is possible to obtain 
lines in Fz which are homozygous for resistance. 

Studies on the inheritance of reaction to loose and covered smuts 
have been made. Wakabayashi (1921) studied the reaction to covered 
smut of a cross of Red Rustproof with Black Tartarian. The Red Rust¬ 
proof was immune from attacks of Ustilago levis while Black Tartarian 
was rather susceptible. Resistance proved a dominant character. 
Apparently several factors were involved as only 12 families in Fz out of 
96 produced any smutted plants. Gaines (1925) studied crosses of Red 
Rustproof with several other varieties and obtained results similar to 
those of Wakabayashi. Barney (1924) also studied reaction to loose smut 
and concluded that the results for the three crosses could be explained on 
a monohybrid, dihybrid, and trihybrid basis, respectively. Reed and 
Stanton (1925), in crosses of Fulghum which is resistant to both forms 
of smut with Swedish Select which is susceptible, obtained 25 families in 
Fz out of 92 which were as resistant to both forms of smut as Fulghum. 
Resistance to both forms appeared to be dependent upon the same genetic 
factors. Correlation studies of the reaction to smut and of other 
characters in which the parents of the crosses differed led to the conclu¬ 
sion that it was possible to combine smut resistance with other morpho¬ 
logical characters. Studies conducted at Minnesota indicate that 
susceptibility and resistance to stem rust are independent in inheritance 
of reaction to smut. In these studies Black Mesdag was used as the 
smut immune parent while rust resistance was obtained from White 
Russian. 

Differences in Awn Development.—Varieties of oats differ in the presence or 
absence of awns and in the degree of awn development. Nilsson-Ehle (1911a) first 
used the hypothesis that the yellow gene inhibited the development of awns. This 
hypothesis was substantiated by careful experiments. A number of crosses between 
Avena faiua^ hairy awns on both grains, with early oats belonging to the Avena sativa 
group have been studied. Using Sixty Day with yellow grains as the awnless parent, 
Love and Craig (1918c) observed the Fi to have the lower grain often awned but the 
upper grain awnless. They concluded that the yellow factor inhibited the complete 
development of awns. In a similar cross, Surface (1916) obtained like results in Fi 
and concluded that one main factor difference was necessary to explain the results. 
Modifying factors were involved which affected the degree of development of awns. 
No significant evidence was found that the yellow gene inhibited the development of 
awns. 


Fio. 32. 

1. Branch of oat panicle. 

2. Spikelet, showing tertiary fioret just after blooming'—o, primary floret. 

3. Spikelet, showing flower parts—a, outer glume; b, flowering glume; c. palea; d* 
lodicules; e, anther; f, stigma; 0 , secondary floret; h, awn. 

4. Outer parts removed, showing sexual organs. 

5. Longitudinal section ovary. 

6. Anther. 

7. Showing outer and flowering glume of lower spikelet removed*—a, lodicules, and 
sexual organs. 

Sise: 1, 2, about n; 3, abdut 2n; 4* 6* greatly eulm^ged; 7, about 2n. 
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Fraser (1919) has studied a cross between an awnless Sixty Day and Burt, the 
latter being a variety of the Avena byzaniina group. The Sixty Day parent produced 
bright-yellow grains with no awns. The Burt parent usually produced awns on the 
lower grains and frequently on the upper but they show weak development. Fraser 
classified awns as strong, intermediate, and weak. The strong awn is twisted at the 
base and has a sharp bend about three-eighths of the way from the base to the tip. 
It is also stiff and long. The intermediate awn lacks the bend of the strong awn and 
is less stiff. It is generally twisted at the base and is often curved. The weak 
awns vary greatly from almost imperceptible structures to weakly developed ones. 
The Fi plants of Burt X Sixty Day were practically awnless. In F\ there was a ratio 
of fully awned (awned like Burt or with awns more completely develop(‘d) to awnless 
and partly awned of 1:3. The fully awned bred true in later generations. Results 
substantiated the hypothesis that Sixty Day carried a factor for awning which was 
inhibited from development by the yellow factor. 

Color of Grain and Straw.—Color of the lemma when ripe is a character which is 
easily affected by environment. Weather conditions at ripening are important and 
greatly modify the expression of inheritance of these color characters. With bright 
sunshine a deeper color is developed than in wet, cloudy weather. Black- or yellow¬ 
grained varieties under unfavorable environmental conditions are much less intensely 
colored. The stage of maturity at which the grain is harvested or weathering after 
harvesting may also modify these color characters. 

The color of the lemma of oats has been classified as black, brownish-rod, gray, 
yellow, and white. Different varieties, likewise, exhibit different intensities in the 
development of a particular color. In some crosses between black and white a ratio 
of 15 blacks: 1 white was obtained in Fz (Nilsson-P^hle, 1909), while the majority of 
crosses show 3:1 ratios (Nilsson-Ehle, 1909), (Gaines, 1917). The simplest explana¬ 
tion is that each color character is due to one or more factors, each factor when 
heterozygous causing partial or complete developrmmt of the character. 

Results of crosses show that yellow is dominant over white or partially so. 
There are, however, two yellow factors, each independently inherited. In a cross 
between Burt, which produces yellowish-red seeds, and Sixty Day, which produces 
yellow seeds, Frazer (1919) obtained a ratio of 48 red: 15 yellow: 1 white in F 2 . These 
results may be explained by supposing Burt to carry two color factors, R for red and Y 
for yellow, and Sixty Day one factor, for yellow. Apparently R produces reds 
either when associated with Y or Y^ or when alone. 

Gray is epistatic to yellow (Nilsson-Ehle, 1909); Surface, 1916; Love and Craig, 
1918c) but hypostatic to black, while black is epistatic to all other colors so far as 
determined. It has been tested for gray, yellow, and white but not for brownish 
red. As a rule the intensity of color is not so great when a factor for a particular 
color is heterozygous as when homozygous. 

The inheritance of a reddish straw color has been shown by Pridham (1916) to 
behave as a simple Mendelian monohybrid. 

Hulled versus Hull-less.—The hull-less condition has been made the basis of one 
of the species groups, Avena nv4a. Numerous crosses between hulled and hull-less 
forms have given like results. All investigators of these crosses have obtained an 
intermediate condition in Fi, with both kinds of grains, hulled and hull-less, borne in 
the same panicle. Ratios in Fz of 1 of each of the hulled and hull-less forms: 2 hetero- 
zygotes have been obtained. The hulled and hull-less types breed true while the 
intermediates again segregate. Love and McRostie (1919) have found considerable 
variation in the percentage of hulled and hull-less seeds in different panicles of the 
same cross. Consistent correlation was obtained between the percentage of hulled 
grains on heterozygous F% plants and that of hulled grains on heterozygous Ft plants 
of the progeny. Some heterozygous Ft plants with low percentages <si hulled grains 
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gave heterozygous progeny with correspondingly low percentages. A similar behavior 
was obtained in the progeny of heterozygous plants with high percentages of hulled 
grains, while plants with intermediate percentages of hulled grains gave heterozygous 
progeny with low, intermediate, and high percentages in dififerent plants. This 
suggests the presence of a factor which affects the percentage of hulled and hull-less 
grains of heterozygous plants. 

Chinese Hull-less produces colorless floral glumes but carries a brownish color in 
the palea. When crossed with hulled varieties it transmits a factor for black color 
which in the presence of the homozygous condition for hulled leads to the develop¬ 
ment of dark color in both floral glumes and palea. Gaines (1917) concluded that the 
naked condition inhibited the development of black in the floral glumes in the Chinese 
Hull-less variety. 

Pubescence.—Cultivated varieties of oats differ in the amount and in the presence 
and absence of basal hairs c>n each side of the callus. In some crosses only one factor 
is involv('d, in others two factors. In some crosses between parents which have 
different degrees of pubescence there is an increase in the number of basal hairs, and 
forms arc obtained in F 2 which have more pubescence than either parent, likewise 
forms which lack pubescence. Certain wild forms of Aveiiajatua carry two independ¬ 
ently inherited factors for pubescence (see Surface, 3916; Zinn and Surface, 1917; 
Nilsson-Ehle, 3908; Love and Craig, 1918c). 

Characters of Base of Lower Grain.—In wild forms of Avena jaiua and cultivated 
forms of Avena hyzayilitia there is a distinct articulation at the base of the lower grain. 
According to Surface (1930) this causes wild oats to shatter while in cultivated races 
of nativa the grains are not easily separated from their base and do not ordinarily 
shatter. The Fi generation of a cross between A . fatua and Kherson was intermediate 
as regards the base of the lower grain, but nearer the cultivated form, while the upper 
grain had a base similar to the cultivated parent. Segregation in F 2 gave a ratio of 
wild, intermediate, and cultivated of 1:2:1. This leads to the assumption of a single 
factor difference which separates cultivated and wild in the form of the base. As has 
been mentioned, there is strong association of many other characters and the wild 
form of the base. Love and Craig (1918c) found an indication of a single factor differ¬ 
ence for the presence and absence of basal articulation but found that the yellow 
factor inhibited the development of the wild or articulated base. 

Ai)ena hyzatdina differs from other oat species in having the upper grain persistent 
to the rachilla. The base of the lower grain resembles A, fatua in its articulation. 
In crosses between Burt, belonging to A, byzantinaj and Sixty Day, the Fi was inter¬ 
mediate and in F 2 the Burt, or sterilis type, of articulation at the base of the lower 
grain could be determined accurately. Ratios approximating 1 of the Burt type: 3 of 
the intermediate and sativa types were obtained (Fraser, 1919). It should be remem¬ 
bered that Burt oats is a very variable type and that the results given here are in rela¬ 
tion to the particular strain of Burt used by Fraser. 

Open versus Side Panicle.—Nilsson (1901) has used panicle types and seed 
colors as a chief means of classification. The distinction between the side and the 
open panicle is easily made, but the various transitional open-panicled forms are not 
easily used in differentiation. Nilsson-Ehle (1908) has explained crosses between an 
open- and a side-panicled variety on the basis of two main factor differences. Either 
factor when homozygous or heterozygous produces open panicles. When both factors 
are homozygous a variety with an open panicle and drooping branches is obtained. 
When the factors are absent a side panicle results. From crossing two open-panicled 
forms, nine-side forms were obtained out of a total of 112 plants. These side-panicled 
plants bred true while of the 103 open-panicled plants, 24 again segregated giving both 
open- and side-panicled forms. The parental varieties have panicles with erect 
branches while a part of the open-panicled segregates have drooping branches. 
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Gaines (1917) and Garber (1922) found considerable difficulty in separating open- 
and side-panicled types of the segregating generations. The correct genetic explana¬ 
tion for the variations which occurred was not learned. 

Size Characters.—Nilsson-Ehle (1908) made numerous studies of inheritance of 
size characters. In a cross between two satwa varieties which differ in height, trans¬ 
gressive segregation occurred in F 2 . Forms were selected and the studies continued 
through Fi and Fb. Segregation was of a complex nature. Transgressive segregation 
also occurred in crosses involving leaf breadth, kernel size, and number of florets to 
the spikelet. The results were explained on the multiple-factor hypothesis, but the 



Fig. 33. —Culms of resistant and susceptible varieties of oats. From left to right: 
Victory, susceptible to stem rust; a susceptible Fi plant of Victory X White Russian; a 
resistant Fa plant of Victory X White Russian; resistant White Russian. 


actual factors involved could not easily be determined. Maturity may be considered 
under this heading, for it behaves in a similar manner. From crossing early and later 
maturing oats, Capom (1918) obtained intermediate maturity in Fi and segregation 
in Fa. The author suggests that three factors will quite satisfactorily explain the 
results. Nilsson-Ehle obtained transgressive segregation in Fa in a cross between 
medium early and late-maturing varieties. Progeny from II 2 F 3 plants were grown 
in Fa. Of these 112 plants 4 gave progenies earlier than the early parent and 10 
later than the late parent. Many of the remaining 98 plants produced progenies that 
segregated for maturity. Noll (1925) studied period of maturity in several oat crosses. 
He explained his results due to a series of dominant factors for earliness which together 
had a cumulative effect. 

Garber and Quisenberry (1927) studied the mode inheritance erf date 
<rf heading, leaf width, number of culms, and edbr of seed. Earliness was feund 
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to be inherited as a dominant character and dependent upon at least two factors. 
Leaf width was very variable and strongly influenced by environmental conditions. 
{Segregation occurred in F 2 and one Fa family had a lower mean leaf width than Gopher, 
the narrow-leafed parent. Number of culms is an inherited character and strongly 
influenced by environmental conditions. Black was dominant over white and 
dependent upon a single factor. No positive evidence of close linkage of any of the 
characters studied was obtained. 

Linkage of Characters.—Association of numerous characters in inheritance has 
been mentioned in the discussion of crosses between the wild A, fatm and cultivated 
varieties of A. saliva, Ajside from the general characters mentioned, linkage has been 
found between the factor for black color of the lemma and one of the factors for 
pubescence. 

In crosses between Burt, A. hyzantina^ and Sixty Day, A, saliva^ Fraser (1919) has 
found that the factors for the articulated base of the lower grain, the awned condition, 
and the production of medium basal hairs were linked in inheritance. In the following 
diagram A represents the factor for awning, B for Burt base, and C a factor for the 
production of medium basal hairs. 

0 4 14 5.00 


A B C 


The percentages of cross-overs were determined for F 2 and Fz, As has been pointed 
out segregation for awns, basal hairs, and type of base was on a monohybrid basis in 
each case. Five per cent of cross-overs occurred between the factors for awning and 
basal hairs; 4.14 per cent between awning and the factor for Burt base, and 1.79 
per cent between Burt base and basal hairs. 

Odland (1927) studied rachilla length in a cross between the varieties Early Goth¬ 
land, long rachilla, with Garton 784, short rachilla. The length of rachilla was 
found to be little modified by ordinary environmental conditions. Homozygous lines 
for various rachilla lengths were obtained in Fz and F 4 . Multiple factors were used 
to explain the mode of inheritance and there was a close linkage between one factor 
pair or group of factors for length of rachilla and the factor pair controlling pubescence 
of rachilla. 

False Wild Oats.—False wild oats differ from the cultivated varieties in the produc¬ 
tion of heavier awns, in heavy pubescence, and in the basal articulation. False wild 
oats resembling cultivated varieties in color and panicle characters have been found 
by numerous investigators. Nilsson-Ehle (1911a) has reported false wild oats in 11 
pure-line selections and in 2 commercial varieties belonging either to A, saliva or A, 
saHva onerUalis, A heterozygous false wild form was found in the second generation 
of a cross between saliva varieties. It gave a ratio of 1 cultivated :2 heterozygous. 
1 false wild form. The heterozygous forms are less heavily awned than the false 
wild and have the fatua type of callus only on the lower grain. In recent years, 
various investigators have observed many cases of false wild oats which have occurred 
in cultivated varieties (Akerman, 1921; Garber, 19226; Marquand, 1922). Studies of 
inheritance prove that it is very improbable that false wild oats have been obtained 
from natural crossing, the hypothesis presented by Zade (1918). A common reason 
for this conclusion is that segregation in false wild-cultivated crosses is very different 
from that obtained in crosses of Avenafaiua with A, scUiva, Garber and Quisenberry 
(192$) attacked the problem by studying delayed germination. Seeds of the wild oat, 
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A . fatuay have the property of delayed germination and this character was inherited 
in crosses of fatua with sativa varieties. Delayed germination was not found in 
homozygous or heterozygous false wild forms. (Joulden (1926) and Huskins (1926) 
found cytological irregularities in false wild oats, abnormal pairing of chromosomes 
and other chromosome aberrations. Huskins believes that some chromosomal 
aberration, rather than a change in a single gene, is instrumental in causing the 
appearance of false wild oats. Considerable difference of opinion is held 
regarding the cause of the production of false wild oats. Whether they originate as a 
loss mutation or through hybridization or both is not yet determined. Some evidence 
for hybridization and some for mutation has been obtained. 


CLASSIFICATION AND INHERITANCE IN BARLEY 

Students of barley classification have frequently used density and 
fertility of the lateral florets as chief means of separating the larger 
cultivated groups. While density is quite a stable character, there are 
gradations in the length of the internode from the very lax to the very 
dense spikes without any clear-cut differentiation between the middense 
and midlax groups. While density is an important character by means of 
which to differentiate forms, it is not very usable as a chief means of 
species or group classification. Harlan (1918) has made an interesting 
review of barley-classification studies and has presented a new grouping 
in which species are made on the basis of fertility of the lateral florets. 
The following key is taken from Harlan^s paper: 

All spikelets fertile (six-rowed barley) 

Lemmas of all florets awned or hooded. Hordeum vvlgare L. 

Lemmas of lateral florets without awns or hoods. H. intermedium Kcke. 

Only the central spikelets fertile (two-rowed barley) 

Lateral spikelets consisting of outer glumes, lemma, palea, rachilla, and usually 
rudiments of sexual organs... H. distichon L. 

Lateral spikelets reduced usually to only the outer glumes and rachilla, rarely more 

than one flowering glume present and never rudiments of sexual organs. 

H. deficiens Steud. 

It seems very probable that the H, intermedium group could be classified 
more accurately by considering that the lateral florets were only partially 
fertile instead of fully fertile. 

There are several contrasting characters by means of which variety 
grbups are made. Harlan has used the following to differentiate the 
variety groups belonging to each of the four species groups: 

Seeds hulled; seeds naked. 

Lemmas awned; lemmas hooded. 

Seeds white, blue, purple; seeds black. 

In classifying the cultivated varieties of barleys, the density of the 
spike, its shape, and the appearance of the awns as well as the color 
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the seed, have been used. Smooth-awned varieties are being produced 
and it is only a question of time before nearly all awned varieties will 
be represented by both the rough and smooth-awned forms. 

Species Crosses.—Two general results have been obtained from cross¬ 
ing two- and six-rowed varieties. The most frequent result is an intcr- 



Fig. 34.—Individual spikes of Ft generation of cross of Svanhals X Manchuria repre¬ 
senting phenotypic progeny classes in which the lemmas of the lateral florets are rounded 
and awnless. From left to right: The two-rowed class which will breed true in Fs; low 
fertility class which will give two-rowed, low fertility and intermedium inFz', intermedium, 
which will breed true for intermedium habit in Fa. {.After Harlan and Hayes, 1920.) 

mediate condition in Fi in which the lateral florets are awned, but produce 
little or no fruitfulness. In /^2 a 1:2:1 ratio of six-rowed, intermediate, 
and two-rowed forms is obtained. Six- and two-rowed forms breed true 
to these respective characters in later generations. Results of this nature 
can easily be explained on a single main-factor difference (Biffen, 19076; 
Gaines, 1917). 
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The intermedium barleys have generally been considered to be of 
hybrid origin. A cooperative study carried on at the Minnesota Experi¬ 
ment Station has shown the probable origin of some intermedium forms 
(Harlan and Hayes, 1920). In a cross between Manchuria, a six-rowed 



Fig. 35.—Individual spikes of F 2 generation of cross of Svanhals X Manchuria repre¬ 
senting the phenotypic progeny classes in which lateral florets bear awns. From left to 
right: Low fertility awned plant which will give all classes of segregates in Ft as in F 2 ; 
high fertility awned which will segregate into intermedium, high fertility awned and six- 
rowed in Fa; six-rowed which will breed true in Fa. {After Harlan and Hayes, J.920.) 


barley, and Svanhds, a two-rowed variety, the Fi was slightly fruitful 
and produced intermediate developed awns on the lateral florets. In 
Ft a wide range of forms was obtained. The genetic nature of the Ft 
plants was determined by growing seed of each in Ft. From the F» 
results it was possible to classify Ft plants as follows; 
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1. Those that bred true for the six-rowed character. 

2. Those that segregated, giving six-rowed, awned, intermediate forms with very 
high fruitfulness of the lateral florets and intermedium forms in a 1: 2: 1 ratio. 

3. Intermedium forms that bred true, giving few or no awns on lateral florets and 
producing approximately 50 per cent of barren lateral florets. 

4. Those that gave all forms as in F^. 

5. Those that produced intermediates and two-rowed types. 

6. Those that produced six-rowed, awned intermediates with little or no fruit¬ 
fulness in the lateral florets and two-rowed forms in a 1: 2: 1 ratio. 

7. Those that bred true for the two-rowed condition. 

Results were accurately explained by considering the Manchuria 
parent to contain two factors, one for six-rowed and one for intermedium, 
which was hypostatic to the six-rowed factor. It was thought possible 
that minor modifying factors were sometimes present which influenced 
the degree of fruitfulness of the lateral florets. 

Crosses between intermedium and six-rowed forms gave intermediates 
of high fruitfulness in Fi and a ratio of six-rowed to intermediates in F 2 
which indicated a single factor difference. Intermedium forms crossed 
with two-rowed gave awnless forms with very low fruitfulness in Fi 
and a ratio indicating one main factor difference in F 2 . 

Biffen (1907b) found the deficiens condition dominant in a cross 
between deficiens and two-rowed. Results from an F^ generation of a 
similar cross grown at the Minnesota Station indicate that it is almost 
impossible to separate deficiens, two-rowed, and intermediates by inspec¬ 
tion. No other strains except the parental forms and various grades of 
intermediates were obtained. 

These facts indicate that a classification made on the basis of fertility 
for the species groups is reliable. 

The Barley Awn in Relation to Yield. —One of the ultimate aims of the 
crop breeder should be to discover the physiological reason why some 
varieties prove superior to others. The long, rough awn of barley makes 
the crop very disagreeable to handle. Hooded varieties have been 
frequently tried out but have not been extensively grown because they 
do not yield as well as standard-awned strains. Likewise, many hooded 
hybrids have been produced but none has proved satisfactory. The facts 
lead to the conclusion that *Hhe awn is an organ that is functional under 
most conditions, and especially in those sections where humid weather 
prevails, at ripening time” (Harlan & Anthony, 1920). 

The fact that the awns of barley have a considerable effect on the 
rapidity and the amount of transpiration was determined by Zoebl and 
Mikosch (1892). The time of greatest transpiration occurred at the 
time of carbohydrate formation in the seed, especially at the time of rapid 
starch infiltration of reserve material in the fruit. Schmid (1890, pp. 
328-330) further studied and presented data on the morphology of the 
awn of cereals. He emphasized the fact that breeders of small grains 
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should give due weight to the importance of the awn. Perlitius (1903) 
made careful studies with awned and awnless varieties of spring and winter 
wheat and with barley. His studies corroborated those of Schmid, Zoebl, 
and Mikosch. Normal awned spikes of barley gave off nearly three times 
as much water as spikes with the awns removed, while with wheat the 
ratio was about 2:1. 

Perlitius, likewise, showed that the awn has a marked effect on kernel 
development. Thus the ratio of size of seed at the milk stage for awned 
wheat, awnless wheat, and awned wheat with awns removed, was 100:88. 
91. With barley the differences were somewhat greater. The awned 
wheat likewise gave considerable increase in starch content over the 
awnless, and the awnless wheat showed a somewhat greater shriveling 
of the seed than the awned varieties. 

Grantham (1919) compared awnless and awned varieties of wheat. 
Awnless wheats were found to be more susceptible to plant diseases, such 
as scab, and likewise yielded somewhat less on the average than bearded 
wheats. Experiments with wheat at the Minnesota Station (Hayes, 
1923) proved that the awned segregates produced plumper and longer 
grains and yielded more on the average than the awnless. The differences 
in some of these experiments are independent of such factors as shattering 
and clearly prove that under some conditions the awn is an important 
physiological organ. This illustrates the importance to the plant breeder 
of a knowledge of the physiologic functions of certain plant organs. 

The production of high-yielding, smooth-awned varieties is not a 
difficult task, as has been learned by cooperative studies carried on at the 
Minnesota Station. As smooth awn is a recessive character, all that is 
necessary is to cross high-yielding toothed varieties with smooth-awned 
sorts, and then select smooth-awned plants in Fz- These will breed true 
for the smooth-awned character. Some smooth-awned segregates are 
not so smooth as others; these differences are genetic. Selection of the 
types which breed true for the fewest teeth on the awn is desirable. 
Numerous plants should be selected as some will prove more valuable 
than others for economic characters such as yield, non-shattering habit, 
stiffness of straw, and disease resistance. 

Inheritance Studies with Barley, —There are numerous characters 
of barley which are easily differentiated. As the number of chromosome 
pairs is seven for each of the four cultivated varieties, barley furnishes 
ideal material for studies of linkage relations. Although the cultivated 
varieties have the same number of chromosomes, the Hordeum genus is 
similar to the oat and wheat genera, for the wild species of Hordeum are 
arranged in multiples of 7. Griffee obtained the following counts: 

7 chromosome group: H. spontaneum, H. maratimumj H, caput*medume 

1*4 chromosome group: H, murinum, H. jubaium 

21 chromosome group: H, nodomm 
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Unlike wheat and oats the economic varieties belong to the species with 
the lowest chromosome number. There are several barley characters 
which can be grouped according to their inheritance and which give simple 
Mendelian ratios. These are summarized in the following table: 


Table L.— Barley Characters Which Show Simple Mendelian Inheritanc e 


Character differences 

F, 

! F; 

1 

Authority 

Hooded versus awned. 

Hooded 

3 Hooded: 
1 awned 

Tscherrnak (1901) 

Rough versus smooth awn. 

Rough 

3 Rough: 

1 smooth 

Harlan (1920) 

Black palca versus colorless. 

Black 

3 Black: 




1 colorless 

Tscherrnak (1901) 

Biffin (1907t) 

Purple palea versus colorless. 

Purplt^ 

3 Purple: 

1 colorless 

Biffin (19076) 

Hulled versus naked. 

Hulled 

3 hulled: 

1 naked 

Thatcher (1912) 

Gaines (1917) 

Black pericarp versus white 

Black 

3 Black: 

Hor (1924) 



1 white 

Kezer & Boyack (1918) 


Besides these very definitely inherited character pairs, there are 
several other characters which make good material for studies of linkage 
relations. 

Linkage Studies with Barley.—A study of inheritance in barley was made at the 
Minnesota Station in cooperation with the Office of Cereal Crops and Diseases, 
United States Department of Agriculture. A cross of Virginia Hooded, a six-rowed, 
hulled, hooded, colorless barley, with Jet, a two-rowed, naked, awned, black-glumed 
barley was studied. In this cross there was apparently only one factor difference 
between two and six rowed and the intermediate forms were classed as two rowed, 
although they could be differentiated from true two-rowed forms by the presence of 
awns on the lateral florets. The results showed that these four factor pairs were 
independently inherited and gave a close approximation to expectation. Crosses 
differing by four independently inherited, sharply differentiated factor pairs have not 
been frequently presented; therefore, the results are of some interest. They are as 
follows: 
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Table LI.— Inheritance op Four Independently Inherited Mendehan 

Characters 



Expectation 

Obtained 

Hooded, two-rowed, black, hulled. 

1 129.0 

113 

Hooded, two-rowed, black, naked. 

1 43.0 

43 

Hooded, two-rowed, white, hulled. 

j 43.0 

42 

Hooded, six-rowed, black, hulled. 

43.0 

56 

Bearded, two-rowed, black, hulled. 

, 43.0 

45 

Hooded, two-rowed, white, naked. 

14.3 

14 

Hooded, six-rowed, black, naked. 

14.3 

15 

Hooded, six-rowed, white, hulled. 

14.3 

14 

Bearded, two-rowed, black, naked. 

14.3 

14 

Bearded, two-rowed, white, hulled. 

14.3 

* 17 

Bearded, six-rowed, black, hulled. 

14.3 

14 

Hooded, six-rowed, white, naked. 

4.8 

4 ■ 

Bearded, two-rowed, wliite, naked. 

4.8 

6 

Bearded, six-rowed, black, naked. 

4.8 

6 

Bearded, six rowed, white, hulled. 

4.8 

4 

Bearded, two rowed, white, naked. 

1.6 

1 

Totals. 

407.6 

408 


Apparently, these four character pairs are independently inherited. The con¬ 
trasted characters are: two-rowed versm six rowed, black versm white palea, hulled 
versus naked, hooded versiLS awned. Ubisch (1916, 1919, 1921, 1923), however, found 
hulled versus naked, a factor for head density and a factor pair for long awn versus 
hooded to be linked. Hor (1924) observed a linkage between the following factor 
pairs: rough versus smooth awn, long versus short hairs on rachilla, and black versus 
white palea. Vavilov (1921) found a linkage between two-rowed versus six-rowed, 
rough versus smooth awn and hulled versus naked. It should be mentioned that 
Vavilov found several factors involved in the inheritance of rough versus smooth awn. 
Griffee (1925) obtained a linkage between early versus late heading and two-rowed 
versus six-rowed. These differences may be explained on the basis of differences in the 
genetic condition of the varieties worked with. It seems unwise to summarize these 
studies in greater detail at present because of the lack of agreement of the results 
obtained by different workers. The studies in barley linkages now being conducted 
will soon serve to show the reason for the differences so far obtained by different 
workers. 

Resistance and susceptibility to attacks of Hdminthosporium sativum P. B. and K. 
were found to be inherited characters and of considerable importance in relation to 
yield (Hayes and others, 1923). Griffee (1925) found linkage relations between 
reaction to this pathogene and the character pairs rough versus smooth, early versus 
late heading, and black versus white palea. This led to the conclusion that there were 
at least three factor pairs which condition reaction to E, sativum. The linkages 
observed were broken in later generations which indicate that they were of a genetic 
nature. 

Niisson-Ehle (1922) and others have reported chorophyil deficiencies in barley. 
Nilsson-Ehle has reported six different types; three wMtes, two yeUows, and on© 
chloiina. Different whites may appear alike but are dependent upon genetic factors 
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located in different loci. Nilsson-Ehle found one of his whites closely linked with 
chlorina. 

Inheritance of Other Characters. —Miyazawa (1918) and So (1918) independently 
found xenia when white-seeded varieties were pollinated with black-seeded strains. 
Engledow (1920) and Hor (1924) studied the inheritance of two forms of rachilla 
hairs: long, stiff, and fine, and short and slightly curled. These were called bristly 
and smooth, respectively, and ratios approximately of 3 bristly:! smooth were 
obtained in F 2 . Nilsson-Ehle (1920) studied reaction to the nematode disease caused 
by Heterodera schachtii. Immunity was dominant to susceptibility and an approxima¬ 
tion of a ratio of 3; 1 was obtained in the segregating generations. 

SOME RYE STUDIES 

Wild rye, Secale montanumj differs from cultivated rye in its perennial 
habit. Tschermak (1914) finds that wild and cultivated forms may be 
easily crossed, which indicates rather close relationship. 

Engler-Gilg (1919) believes that cultivated rye, Secale cereale L., 
originated from *S. montanum, which grows wild in Southern Europe and 
adjoining regions in Asia. It is thought that rye was cultivated in the 
Bronze period. Vavilov (1917) doubts whether the evidence is sufficient 
to prove that S, cereale descended from S, montanum. He states that S, 
cereale is widely found through the southwest of Asia in barley and wheat 
plantings where rye has not been grown as a cultivated crop. Schultz 
(1919) believes cultivated rye descended from Secale anatolicuin BoissieVy 
which is now found growing wild in Syria, Armenia, Persia, Afghanistan, 
Turkestan, Sungari, and the Kirghiz Steppe. 

Rye (see Chap. VI) differs from the other small grains in that it is 
cross-pollinated. During the last few years rye has been bred by con¬ 
trolled pollination. The most extensive studies have been conducted by 
Heribert-Nilsson (1916, 1919, 1921) who finds parchment bags, if they 
can be protected from wind and rain, an ideal means of insuring self- 
pollination. Heribert-Nilsson finds 1 or 2 plants in every 100 which 
appear highly self-fertile. In 1921, some strains had been inbred for 
nine generations. Most selfed strains were less vigorous than normal 
rye although a few strains were obtained which proved vigorous and 
yielded more than the normal variety. A variety called '^Stormrag^* 
which excells in stiffness of straw, was produced by recombining selfed 
strains. Brewbaker (1926) obtained similar results at Minnesota and 
concludes that “selection in self-fertilized lines is not only feasible but is 
the most effective and practical mode of rye improvement.'^ These self- 
fertilized strains have aided in studies of the inheritance of characters. 

Studies of Inheritance.—Rye has usujaUy seven, sometimes eight, 
pairs of chromosomes (Gotoh, 1924 ; Belling, 1925). 

Xenia in rye was first discovered by Giltay in 1893. It was later 
corroborated by Von Rtimker and others (1913 and 1914). By continuous 
selection, strains have been produced which are pure for color differences. 
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Accorcfing to Von Riimker, selection for 7 or 8 years was necessary in 
order to isolate strains which were homozygous for color of seed. He found 
the color to be located in the aleurone layer just inside the epidermis. 
There are numerous colors of rye which are roughly analogous to the 
aleurone colors of corn. The inheritance of these colors has not as yet 
been intensively studied. Von Rumker has isolated pure races for 
greenish-blue, deep brown, and yellow seed. There are also deep blue, 
light brown, and striped seed besides other color variations. In crosses 
between green- and yellow seeded strains Von Rumker found green 
dominant and obtained a ratio of 3 green • 1 yellow in F^. 



Fig 36 —Spikes from four Fa plants of a wheat-rye cross Spike No 39 is much like 
rye m regard to the awn development and ciliated glumes Other heads resemble wheat 
more than rye {After Love ) 


There are both spring and winter varieties of rye. The spring habit 
appears to be a dominant character, for Tschermak (1906) obtained a 
ratio in F 2 of 3 spring forms. 1 winter form. 

Brewbaker (1926) studied several different chlorophyll deficiencies and 
concludes that practically all are recessive to normal. Heribert-Nilsson 
(1919) studied a wax-free type which is also recessive. Brittle plants 
were studied by Brewbaker and were found to be a simple recessive. These 
plants can be recognized in the field because the culms break so easily. 
It was learned (Davidson and others, 1924) that brittle plants have a 
thinner cell wall, a lower, crude fiber content, a higher pentosan content, 
and less lignin than normal plants. 
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Mains and Leighty (1923) and Mains (1926) reported studies of 
disease resistance with rye. Strains have been obtained from Abruzzes 
rye which are resistant to leaf rust, Puccinia dispersa; stem rust, Puccinia 
graminis secalis; and mildew, Erysiphe graminis secalis. Resistance to 
each of the diseases appears to be due to a separate genetic factor or 
set of factors. 

Wheat-rye Hybrids.—Numerous investigators (Backhouse, 1916- 
1917; Leighty, 1915, 1916, 1920; Jesenko, 1911, 1913; McFadden, 1917; 
Meister, 1921; Gaines and Stevenson, 1922) reported natural or artificial 
crosses between wheat and rye. Both Leighty and Meister have observed 
that natural crossing is more frequent in some seasons than in others. 
In most successful crosses wheat has been used as the female parent, 
although Gaines and Stevenson (1922) reported successful rye-wheat 
crosses with Rosen rye as the female parent. The Fi and F 2 generations 
of the rye-wheat hybrids resembled rye much more strongly than wheat 
while the wheat-rye hybrids are more wheatlike. Segregation in wheat- 
rye crosses occurs for some characters and, as winter rye is much more 
cold resistant than winter wheat, it is only natural to try and improve 
winter wheat by a rye-wheat cross. As a rule, the Fi cross is self-sterile, 
although back crosses with the parents have sometimes been successful. 
Love and Craig (1919a) have described a successful wheat-rye cross, 
using Dawson's Golden Chaff as the wheat parent. Studies have been 
continued through F 4 and Ff, and a number of plants have been obtained 
which exhibit little or no sterility. These plants are wheatlike in spike 
and seed characters, yet they resemble rye in some other characters. 
They are now being tested for winter hardiness. 

BUCKWHEAT 

Buckwheat belongs to the buckwheat family, Polygoudceae, The 
original home of this plant was probably Asia,^ whence it was introduced 
into Europe through Tartary and Russia in the Middle Ages. The 
generic name of buckwheat, Fagopyrum, comes from the Latin, faguSy 
beech, and the Greek, puros, wheat, based on the fact that the seed of 
buckwheat resembles the beechnut. The two species of economic impor¬ 
tance are F. tataricuniy and F, esculentum. The forms commonly grown 
in the United States belong to the last-named species. Another species, 
F, emarginatuniy is sometimes designated but some plant breeders prefer 
to consider it as a variety of F. esculentum. 

Classification is based on such characters as size, color, and shape of 
seed; color of growing stem; average height of plant; shape of leaf; 
and flower characters. The flowers of buckwheat are dimorphic, i.c., 
some have long stamens and short styles, others just the reverse. In 

1 CakIiSton (1916). 



200 


BREEDING CROP PLANTS 


general, only one kind of flower is produced on the same plant. Dimor¬ 
phism facilitates cross-pollination. 

Species Relationship.—The two species of buckwheat differ strikingly 
with regard to their ability to set selfed seed under a cover. Althausen 
(1910a) pointed out that F. tatancum was spontaneously self-fertile. 
This has been corroborated at the West Virginia Experiment Station. 
The varieties Rye, Mountain, and a notch-seeded buckwheat, all belong¬ 
ing to the tataricum species, set seed abundantly under glassine bags. 
On the other hand selfed seed was relatively difficult to obtain from 
varieties of F. esculentuniy such as Japanese Silverhull and Gray. The 



Fig 37 —Chromosome of buckwheat At left, cell from root tip of F. emarginatvm 
showing diploid number of 16, at right, pollen mother cell from F. esculentum with 8 haploid 
chromosomes. (After Quieenberry) 


latter species has showy flowers that are distinctly dimorphic whereas 
F. tataricum has relatively insignificant flowers that are not distinctly 
dimorphic. Insects, particularly honeybees, visit the flowers of F. 
eaculentum in great numbers. Stevens (1912) concludes that in this 
species natural self-fertilization seldom occurs owing to the relatively 
slow pollen tube growth in selfed flowers. With respect to chromosome 
number F, esculentum and F. tataricum, are apparently alike. Quisen- 
berry (1926) found the diploid number to be 16 (see Fig. 37). 

Inheritance Studies.—^Most of the buckwheat inheritance studies 
reported have been confined to F. esculentum. The inheritance of length 
of style has been investigated by Althausen (1908), Dalgren (1922), Egiz 
(1925), and at the West Virginia Experiment Station. Short styles are 
dominant to long styles and are apparently controlled in their inhraitance 
by a sine^e factor difference. With respect to Sower odor Altimnsen 
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(19106) found that white-flowered forms bred true, whereas red-flowered 
forms segregated. The inheritance of height of plant in buckwheat was 
explained by Egiz on the basis of a single factor difference. 

Breeding Buckwheat.—It has been pointed out that, although some¬ 
what difficult, self-fertilization of F. esculentum may be accomplished. 
No evidence of definite degeneration as a result of repeated illegitimate 
pollination was found by Egiz (1925). Certain races of buckwheat when 
self-fertilized produced well-filled grains and normal descendents. Strains 
of F. tataricum may be selfed with ease and, hence, there is no particular 
difficulty involved in breeding this species by controlling pollination and 
practicing selection. 

Relatively little attention has been given to the improvement of 
buckwheat by breeding. There is considerable variation in type and 
undoubtedly strains could be isolated which would surpass present com¬ 
mercial varieties. 


RICE 

Rice is thought by Carleton (1916) to have '^originated somewhere in 
the region of China to India inclusive.It has not been recorded with 
other cereals that were grown in Egypt in ancient times. Comparatively 
little study has been made regarding classification and genetic relation¬ 
ship of the wild and cultivated species. 

Cultivated races are classified into glutinous and non-glutinous groups. 
Other characters of importance in varietal classification are size, shape, 
and color of seed; color of glumes and leaf sheath; awned or awnless 
glumes; and length of glumes, whether long or short. A short summary 
of inheritance of some individual characters is of interest (see Table 
LII). 

Inheritance of Characters.—The endosperm of rice is glutinous or 
starchy. The glutinous group is not grown in the United States nor 
generally in Europe as a commercial crop. When cooked, it runs together 
into a pasty mass while the seeds of common rice keep their shape when 
properly cooked. The starch of ordinary rice is replaced by a carbohy¬ 
drate of a different form. Apparently one Mendelian factor difference 
separates these groups. The color of the pericarp is dependent upon sev¬ 
eral factors and various ratios—3:1, 9:7, and 9:3:4—have been reported. 
Considerable study of the inheritance of colors in various parts of the 
plant have been made. One to several genetic factors are involved. 
A factor or group of factors often have a pleitrophic effect. Hector (1922) 
concluded that this is a result of several closely linked factors. Takahasi 
(1923) explained certain experimental results by a linkage of a factor for 
character of endosperm with one of the factors which conditions red color 
of awns or glume tips. 



Table LII.—Summary op the Inheritance of the Characters of Rice 
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The inheritance of plant characters may be explained by the usual 
Mendelian method. The ratios given show that color inheritance may be 
explained by one or more factors. Ikeno (1918) studied the inheritance 
of a number of size characters. In some cases dominance was obtained 
in F\. In other characters the F\ was intermediate. Complex segrega¬ 
tion occurred in F 2 but with no definite ratios. Multiple factors were 
used to explain the results. 

Terao (1921) observed a type of semisterile plant in certain pedigreed 
strains of rice which had formerly produced only fertile progeny. The 
frequency of appearance in two families, each derived from a single 
parent, was 1 semisterile to 117 and 114 fertiles, respectively. Progeny 
of semisteriles segregate in a 1:1 ratio of normal and semisterile plants. 
Semisterility is explained by the hypothesis of a sex-linked lethal factor, 
a, which causes the death of the female gametes, but which does not 
affect the male gametes. Thus a semisterile plant, Aa produces only 
female gametes A and male gametes A and a. The original mutation of 
T to a was supposed to be the cause of the semisterile plants. A different 
type of semisterility which first appeared in a pure line has been described 
by Kondo and Ono (1923). The progeny bred true for semisterility. 
Terao (1922) described a change in the ‘Targe-grained^^ rice which he 
believes is a result of a factor mutation. Large-grained rice is charac¬ 
terized by panicles with a smaller number of spikelets than normal and 
with larger spikelets and seeds than in the normal. The larger-grained 
type is recessive to normal and a few normals appear in the progeny of 
large grained, even though the flowers are protected from cross pollina¬ 
tion. Mosaic forms sometimes occur in large-grained plants. These 
mosaics are characterized by sectants of normal grains on large-grained 
plants. Terao supposes recessive a in large-grained plants suddenly 
changes to A. These A a sectants are supposed to occur in meristi- 
matic tissue and may be so small that they may be overlooked. The 
progeny of such plants are largely ‘Targe-grained although a few normals 
will be obtained also. 

Nakatomi (1923) studied chromosome numbers in 21 races of rice 
consisting of anomalous types produced by mutation and normal races. 
Twelve is the haploid chromosome number although the sizes of chromo¬ 
somes varied more or less in different races. 

Time of culm formation was carefully studied by Hoshino (1915), 
who crossed an early with a late variety. The parents averaged 83.8 and 
113.2 days, respectively, from time of planting to jointing, the parental 
average being 98.5 days, while the Fi gave an average of 94 days from 
planting to jointing. The F 2 generation equalled the combined range of 
the parents. Some forms bred true to the parental types in Fz. One 
:orm which segregated in Fz was much less variable than the F 2 . This line 
could be explained by the presence of a single heterozygous factor for 
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time of shooting. The author suggests that three multiple factors will 
explain the results. 

Kock (1917) crossed Karang Serang, an early maturing, good-quality 
rice, with Skrivimankotti, a variety of high-yielding ability. Results 
were not easily explained on a factor basis. After 7 years some hybrids 
showed considerable uniformity. Improvement in quality and quantity 
of yield were obtained as shown by a comparison of the parents and the 
better of these hybrid lines. 

The pure-line method of breeding rice as well as hybridization has been 
of value in producing new varieties. Chambliss and Jenkins (1923) 
described several improved varieties produced at the Rice Experiment 
Station, Crowley, La. Methods of breeding rice are similar to those 
described for other normally self-pollinated small grains. 



CHAPTER XII 


COWPEAS, SOYBEANS, AND VELVET BEANS 

Cowpeas, soybeans, and velvet beans belong to the group of naturally 
self-fertilized crops. The fundamental principles involved in breeding 
crops of this group have already been discussed. It suffices here to point 
out that the method of breeding these three legumes does not differ 
essentially from that for the group. 


COWPEAS {Vigna sinensis) 

Origin.—A wild plant closely related to the cultivated cowpea grows 
quite generally over the continent of Africa. The wild form differs from 
the cultivated in having smaller seeds and in having pod valves which coil 
in ripening. The two forms may be hybridized with ease. This fact 
and the fact that wild cowpeas have been found in no other place, are 
generally accepted as evidence (Piper, 1916) that the cultivated form 
arose in Africa. 

Description and Inheritance.—The cowpea resembles the garden bean 
in general appearance. Some varieties grow erect while others are vine¬ 
like and trail over the ground. The pods are rather long and contain 
from 6 to 15 seeds each. Flowers are white or nearly white and pale to 
medium violet purple and are shaped like those of the garden pea. Seed 
coats vary a great deal in color—some are mottled, others unicolored. 
The life period of this plant is too long to permit its growth very far north, 
and for this reason an earlier maturing cowpea is desirable. 

Size and shape of pod and seed have been used to separate the larger 
groups. No studies of inheritance of these major differential characters 
have been made. 

Color inheritance with particular reference to the seed coat has been 
studied by Spillman (1911) and more recently by Harland (1919a, 6, c, 
1920), Anthocyanin coloration in the stem and leaf stalk is dependent 
on a single factor difference X, dominant to its absence. The inheritance 
of seed-coat pattern involves factors B (black), N (buff), M (Maroon) 
and R (Red). 
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Factor system for seed-coat colors: 
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New-Era pattern. 
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White. 

. Absence of R 


Purple color of the ripe pod is dependent on one main factor difference P. 
Each of the three factors B, and P produces anthocyanin pigmentation 
in the young pod, calyx, and peduncle. Whether these three factors, 
each dominant to its absence, constitute a triple series of multiple allelo¬ 
morphs or occupy different loci very near together in the same chromo¬ 
some, has not yet been established. 

In crosses between black cowpeas and the variety Black Eye, Spillman 
found the patterns known as Holstein (pigmented area covering micropy- 
lar end and isolated spots of pigment on the non-pigmented area) and 
Watson Eye (pigmented area around hilum with indistinct margin at 
micropylar end of seed; micropylar end covered with fine dots of pigment) 
appearing in the F 2 generation. This indicated the origin of varieties 
which bear these seed-coat patterns. 

The inheritance of flower color in the cowpea, according to Harland, 
is rather simple. In crosses between dark and pale, also between dark 
and white, the segregation in the F 2 generation proved to be that of a 
monohybrid with dark behaving as the dominant. Spillman (1913) 
found correlations between the production of certain seed-coat colors 
and the occurrence of anthocyanin in the flowers. 

Root knot {Heterodera radicicola) and wilt {Neocosmospora vasinfeckij 
var. tracheiphila) are the two most serious diseases of cowpeas. The 
former is due to the attack of a nematode, the latter is due to a fungus. 
The variety known as the Iron cowpea possesses resistance to both of 
these diseases. According to Orton (1911) this disease resistance is 
inherited as a dominant character. The F 2 generation is too variable to 
be satisfactorily explained on a monohybrid basis. Resistance is, how¬ 
ever, definitely inherited and can be easily isolated from the segregating 
generations after a cross has been made. 

Some Results of Selection and Crossing.—The characteristics of an 
ideal cowpea are resistance to nematodes and wilt, upright habit of growth 
with pods borne high, and high-yielding ability. With this ideal in view 
the United States Department of Agriculture has conducted extensive 
investigations. 
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Attention was first called to the Iron cowpea by T. S. Williams of 
Monetta, S. C. He found it would thrive on pea-sick” soil where 
other varieties were a complete failure. On learning of this resistant 
variety, Orton gave it a thorough trial and found it possessed resistance. 
Measures were immediately taken to increase and disseminate the Iron 
cowpea generally throughout the southern United States. Because 
the Iron variety did not produce as large yields of seed and forage as 
some other varieties such as Unknown, breeding was resorted to for the 
purpose of producing a high-yielding resistant strain (Webber and Orton, 
1902; Orton, 1902). 



Fig. 38. —Iron cowpea vs. Black and Taylor, showing comparative resistance to the wilt 
and the root-knot. Iron in center and Black and Taylor at right and left respectively. 
{After Orton.) 


In addition to disease resistance this variety has a relatively upright, 
bushy habit of growth but the seed production is low. At first a large 
number of sprawly forms, such as Red Ripper, Clay, Black, and Unknown 
were crossed with Iron. None of the segregates from these crosses proved 
particularly desirable. Later more attention was given to the selection 
of parents on the basis of habit of growth, fruitfulness, and position of 
pods. The necessity of a selection of parents on the basis of desired 
characters cannot be overemphasized. Whippoorwill and New Era 
are desirable varieties with respect to the three characters mentioned 
above. ^ The variety Monetta was the best segregate obtained by 
Orton from a cross between Whippoorwill and Iron. Brabham, a variety 
which has consistently shown itself superior to Monetta, is the result 
of the same cross made by a farmer. Both of these varieties of hybrid 
origin possess disease resistance and to a certain degree the other desir- 
^ The following information was furnished by the courtesy of Da. C. V, Pipes. 
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able agronomic characters. More recently Morse, of the Forage Crop 
Investigations Office, Bureau of Plant Industry, has crossed Brabham 
with Groit (a hybrid of Whippoorwill and New Era). Victor, one of the 
segregates of this cross, will be distributed in the near future. Concern¬ 
ing the merits of this new variety, Piper makes the following statement: 

Victor cowpea is absolutely resistant to nematodes and wilt, is a tall bushy 
variety, extremely fruitful, and, all in all, it seems conservative to say it is by 
far the best variety of cowpea ever yet developed. 

SOYBEANS (Soja max) 

Origin.—The soybean is of ancient cultivation. Japan, China, 
Korea, Manchuria, northern India, and the islands of Java have grown 
this plant for centuries both as a human food and as feed for animals 
In Japan and Manchuria the cultivated soybean is erect in growth. Its 
nearest wild relative is a small-stemmed, trailing plant with smaller flowers, 
pods, and seeds. This wild form is found in Japan, Manchuria, and China 
The varieties of soybeans found in India are intermediate between the 
two types just mentioned. According to Piper and Morse (1910) 
all intergrades between the wild plant and the cultivated erect form may 
be found, so there is little doubt that all forms belong to one species 
{Soja max). 

Classification and Inheritance.—The numerous varieties of soybeans 
show many different combinations of characters. Varieties differ in 
habit of growth, some being erect, others more procumbent and several 
truly vining. Color and shape of seed and pods, color of flowers, color of 
pubescence of the pod, and time of maturity are characters which have 
been widely used in varietal and group classifications. 

Some work has been done on the inheritance of characters in soybeans. 
Beans with green cotyledons may have green seed coats, while beans with 
yellow cotyledons may have either green or yellow seed coats. ^ H. Terao 
(1918) of the Imperial Agricultural Experiment Station, Tokyo, Japan, 
has discovered that in a cross of green cotyledons, green seed coats 9 X 
yellow cotyledons, yellow seed coats cf—the inheritance of the green 
seed coat apparently was matroclinal; likewise, the inheritance of the 
character of the cotyledons. In the reciprocal cross the character of the 
cotyledons again proved matroclinal in inheritance but the seed-coat 
character segregated as a monohybrid with green dominant. In explana¬ 
tion of these facts it is assumed that the two kinds of chlorophyll con¬ 
cerned differ in that one remains green ((?) and the other turns yellow 
(7). It is further assumed that the inheritance of these conditions in 
the cotyledons is through the cytoplasm or chromatophores and not 

Black and brown pigments also appear in the seed coats of certain varieties. 
These pigments are entirely independent of the green and yellow colors but they 
make the green and yellow colors indistinct. 
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thi*ough the nucleus. In the case of color of seed coat a Mendelian factor 
pair is involved. When H is present it prevents the chlorophyll (F) in 
the seed coat from changing to yellow. When this factor is absent the 
small letter h is used. 

Table LIII, taken from Terao, illustrates four possible combinations. 
(G) and (F) are transmitted only through the cytoplasm of the egg cell. 


Table LIII. —Inheritance of Cotyledon and Seed-coat Color in Soybean 

Crosses 



Crossing No. 1 

Crossing No. 2 

Parents. 

(G)HH 9 X (Y)hhd' 

{G)nH9 X (Y)HHd' 

Cotyledons. 

green 

yellow 

green yellow 

Seed coats. 

green 

yellow 

green green 

Ft . 

(G)Hh 


(G)HH 

Cotyledons. 

green 


green 

Seed coats. 

green 


green 

F, . 

{G)HH {G)Hh 

(G)hh 

{G)HH 


25 per 50 per 

25 per 

100 per 


rent cent 

cent 

cent 

Cotyledons. 

green green 

green 

green 

Seed coats . 

green green 

green 

green 

I 

CVossing No. 3 

Crossing No. 4 

Parents. 

(Y)hh9 X (G)HHd' 

(Y)HH9 X {G)HHd^ 

Cotyledons. 

yellow 

green 

yellow green 

Seed coats. 

yellow 

green 

green green 

Fi . 

(Y)Uh 


{Y)HH 

Cotyledons. 

yellow 


yellow 

Seed coats. 

green 


green 

Ft . 

(Y)HH (Y)Hh 

{Y)hh 

{Y)HH 


25 per 60 per 

25 per 

100 per 


cent cent 

cent 

cent 

Cotyledons. 

yellow yellow 

yellow 

yellow 

Seed coats. 

green green 

yellow 

green 


Somewhat different results were obtained by Woodworth (1921) in 
studies of the inheritance of seed coat and cotyledon color. Yellow 
cotyledons were dominant to green and there was no evidence of maternal 
inheritance. Green seed coat proved to be dominant to yellow. Repul¬ 
sion between green seed coat and yellow cotyledon and between yellow 
seed coat and green cotyledon was found with about 13 per cent crossing 
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over. The following factorial analysis was suggested to explain the 
results: 

F, factor for yellow pigment and cotyledon 
factor for green pigment in cotyledon 

/, factor causing green pigment to fade out at maturity; t, green cotyledon in 
absence of D 

Z>, duplicate of /; d, green cotyledon, in absence of I 

F, factor for green seed; e, yellow seed coat. 

Tawny-colored pubescence was found to be dominant to gray and the 
F 2 generation indicated a rnonohybrid segregation. In the generation 
of a cross involving hilum color 9 black to 7 brown were obtained. Com¬ 
plete linkage was found between the factor for tawny pubescence and 
one of the complimentary factors for black hilum. 

In a later paper Woodworth (1923) reported that dark-colored pods 
were dominant to light colored, and purple flowers dominant to white. 
In each case a 3:1 segregation was obtained. 

Two types of growth habit were described, a tall, luxuriant, late- 
maturing type and a low, compact, early maturing type. In inheritance 
the former was found to be dominant to the latter and the generation 
indicated that the two types differed genetically by a single factor pair. 

Breeding.—Pure-line selections of soybeans have been made on the 
basis of oil content, yield (both of seed and forage), persistence of leaves, 
and other economic characters. Varieties like Wisconsin Black retain 
their leaves green until practically all the pods ^re ripe. Another character 
of considerable importance in the soybean is frost resistance. It has been 
found in trials at the Arlington Experimental Farm near Washington, 
D. C., that varieties differ appreciably in this character in both early spring 
and late fall. Most of the late varieties were killed. This would indi¬ 
cate that the hereditary difference between varieties in frost resistance is 
without doubt in part a matter of the degree of maturity which the 
plants have reached at the time of frost. Considerable artificial hybridiz¬ 
ing has been done by Morse of the United States Department of Agricul¬ 
ture. While soybeans have been grown in the Orient since ancient times, 
their general growth in the United States and Europe is comparatively 
recent. As a consequence, investigation with this crop has not pro¬ 
ceeded much beyond the stage of variety testing and strain isolation. 
Then, too, there are so many varieties of different habits of growth that it 
has been possible to find a variety adapted to almost any locality. As 
the real value of the soybean becomes more generally appreciated, it will 
undoubtedly receive more attention from the breeding standpoint. 

VELVET BEAK (StizohUum) 

Origin.—Although little is known of the early history of the velvet 
bean it is thought that it is a native of India. The Florida velvet bean 
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{Stizolohium deeringianum) was introduced into Florida previous to 
1875 and has never been grown much farther north because of climatic 
limitations. Southern Georgia, Alabama, Mississippi, and Louisiana 
mark the northern limits of this thrifty, vigorous growing legume. Culti¬ 
vated varieties of related species of SUzolobium have been found in the 
countries surrounding the Indian Ocean. The most important of these 
is the Lyon bean (S. niveum). Hybridization between this form and the 
Florida velvet bean has produced many different types, some of which 
resemble other species of Stizolobium. From this fact, Piper has sug¬ 
gested that possibly all cultivated forms of SUzolobium belong to a single 
species. 

Important Characters and Inheritance.—The Florida velvet bean is 
an annual of extremely vigorous growth. Its branched, vinelike stems 
sometimes reach a length of from 30 to 50 feet. The leaves are large and 
compound, bearing ovate leaflets. The flowers, which are dark purple 
(white in some species), are borne in long racemes. The most important 
parts of the plant from a feeding standpoint are the pods, together with 
their seeds. Mature pods carry from three to five marbled, brown and 
gray seeds. The pods are somewhat constricted between the seeds and 
are covered with a velvety pubescence. Another important agronomic 
character is dehiscence of pod. The Lyon, which has pods nearly free 
from hair, scatters its seed when ripe, the Florida velvet bean does not. 
Pods of different varieties also differ in the degree of susceptibility to rot 
when in contact with moist soil. The pods of Yokohama velvet bean, 
from Japan, decay very easily. 

Belling,^ of the Florida Agricultural Experiment Station, has made 
a study of the inheritance of some of the characters of the velvet bean. 
He crossed the Florida velvet bean extensively with Lyon bean and to a 
lesser extent with Yokohama and China velvet beans. The Florida 
bean has a pubescence of whitish, stiff^ hairs on its leaf buds and young 
shoots while the ripe pods are covered with brownish-black, woolly, 
flattened hairs mixed with a few stiff hairs. These hairs average 1 
millimeter in length. The Lyon bean has a whitish, stiff pubescence on 
its young shoots, leaf, and calyx. The hairs on the pods form a fine 
down and average 0.5 millimeter in length. The Fi was covered with 
irritating hairs. The hairs on the pods were about 1.5 millimeters long. 
These contain a gummy substance in the hoUow points and readily 
pierce the human skin, causing an irritation lasting several minutes. 
In F% about nine-sixteenths of the plants bore stinging pods (long, stiff 
hairs which pierce the skin). Some were more developed than in Fi. 
Two factors are necessary for the production of stinging pods. One of 
these factors, B, is contained by the Lyon bean while C is contained by 
the Velvet bean. Color of pubescence showed segregation in F 2 , giving 

‘ See BsiiWfO (1912a, 1913, 1914a,&, 1915a,6). 
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13 whitish to 3 black pubescent plants. The dehiscence of pods behaved 
as a dominant. Most of the pods on the Fi plants burst open when 
mature. In the F 2 generation segregation occurred. Long pods crossed 
with short pods gave approximately a 3:1 ratio in the second generation 
although minor factors for pod length were discovered. In the inherit¬ 
ance of seed color it has been suggested that three factors are concerned, 
feach of which produces some mottling even when heterozygous and in 
the absence of the two other factors. Purple color appears in the Florida 
velvet bean on the under surface of the first pair of simple leaves, on the 
stems as a mark on the leaf axil, on the wings and standard and on the 
stems and petioles on the side exposed to the sun; while the Lyon lacks 
the purple color. Purple color proved dominant in F\ and a 3:1 ratio 
was obtained in F 2 , only a single factor being involved. The characters, 
time of flowering, size of flower clusters, and size of plant gave unmistak¬ 
able evidence of segregation in the second generation. Each of the 
crosses, Florida X Lyon, Lyon X Florida, and Florida X Yokohama, 
produced about 50 per cent pollen sterility in the F\ generation. Aborted 
ovules were found on plants showing pollen sterility. Belling satisfac¬ 
torily explained the results by postulating two factors, K present in 
Florida and L present in Lyon and Yokohama. The presence of either 
K or L, but not both, gave rise to normal pollen and ovules. Com¬ 
binations of KL or kl in the gametes resulted in pollen or ovule sterility. 

Mutations.—Coe (1918) has attributed the origin of early maturing 
velvet beans to mutations. C. Chapman and R. W. Miller, both of 
Georgia, and H. L. Blotint of Alabama, separately discovered early 
maturing mutants growing in fields planted to corn and Florida velvet 
beans. Chapman's selection has been increased and distributed under 
the names “Georgia” and “Hundred-Day Speckled.” This variety 
requires 120 to 130 days to mature. The “Alabama” variety, which 
matures in 170 to 180 days, or %bout 2 months earlier than the Florida 
velvet bean, was developed from an early maturing plant observed 
by Blotint. 

The discovery of these early varieties has greatly increased the 
acreage of velvet beans by making it possible to grow them farther north. 
In 1914 less than 1,000,000 acres were grown, whereas, in 1917, over 
5,000,000 acres were given to this crop. 

Another mutation^ which is of unusual interest because of the long 
viny habit of growth of the velvet bean, is the bush form discovered 
recently in the Alabama variety. The appearance of the bush type has 
been found in other normally twining beans such as the common bean, 
the Lima bean, the hyacinth bean, and the soybean. The above-men¬ 
tioned bush or “bunch” velvet bean was discovered by R. Beasley on his 
farm near Kite, Ga. He carefully saved the seed of a single plant in 1914 

> The foUowing information was furnished by the courtesy of D». C. V Pima. 
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and from the resultant crop grown in 1915 obtained about 50 bushels. 
The United States Department of Agriculture is introducing this variety 
into various localities of the southern United States. 

For some purposes the bush variety possesses distinct advantages. 
For instance when grown with corn it has no tendency to twine around 
the cornstalks and pull them down. It is also better suited for use as a 
hay crop. In appearance of pods and seeds, ability of pods to resist 
decay when on the ground, and time required to mature, the mutant is 
practically identical with the Alabama variety. 

Breeding.—Some progress has been made in the improvement of 
the Florida velvet bean by hybridization and selection at the Florida 
Experiment Station. A bean is desired which will give a maximum 
yield of forage and seed of desirable quality. Plants with bristle-like 
pubescence or small seeds with thick hulls are undesirable. Dehiscent 
pods and also those which decay readily when lying on moist soil should be 
avoided. An earlier-maturing strain has been sought by crossing the 
Florida velvet bean, which requires about 200 days to mature, with 
Yokohama, which requires about 120 days. It is of interest to point 
out that from one cross between late varieties (Florida X Lyon) a segre¬ 
gate was isolated that matured a month earlier than either parent. 
This promising strain called Osceola has found considerable favor in 
the South. Another segregate, a variety called Wakulla, obtained from 
the same cross, matures in approximately 120 days. This strain has an 
undesirable character in that it shatters its seed when ripe. The material 
available furnishes an opportunity to obtain further improvement by 
crossing and selections. 



CHAPTER XIII 


FLAX AND TOBACCO 
FLAX 

Flax has been reported to have been grown by the Lake Dwellers of 
Switzerland as early as 4000 to 2000 B.C. (Chap. I). Although the 
Egyptians and Hebrews used flax to make clothing in very ancient times, 
little is known of the origin of the present cultivated varieties. 

Species Crosses.—Tammes (1911, 1915, 1916) has made some 
interesting genetic studies of flax species crosses. Reciprocal crosses 
were made between cultivated varieties of Linum usitatissimum and the 
wild species L. perenne, austriacum, narhonnenesey grandifloriiniy and 
angustifolium. No seeds capable of germinating were obtained except 
in the angustifolium cross. This was considered a good cause for believing 
that L. angustifolium has the best right of any of the wild species to be 
considered the ancestral form of cultivated flax. This wild species 
differs from the common cultivated varieties in that the seeds and cap¬ 
sules are smaller, the edges of the partition walls of the capsule are hairy, 
and the capsules open at maturity. In general, crosses between hairy 
and glabrous races showed dominance of the hairy condition in Fi and a 
segregation of 3 hairy :1 glabrous in F 2 . The open type of capsule was 
imperfectly dominant in Fi, f.e., the capsule did not open as widely as in 
the open parent. Segregation occurred in F 2 . Parental types, i.e., 
homozygous open and homozygous closed lines, were produced in later 
generations. Three or four factors were necessary to explain results. 

In a later study, Miss Tammes (1923) compared the mode of inherit¬ 
ance of eight independently segregating pairs of factors in the two species 
L. usitatissimum and L. angustifolium. Two of the same genes condition 
the development of the same character in the two species, five genes 
influence the character more strongly in the wild species and the identity 
of one gene has not been established. Four of the genes of L. usitaMs^ 
simum are allelomorphic with four corresponding but more potent genes 
of the wild species. These facts are a further reason for the conclusion 
that L. angustifolium is the wild progenitor of cultivated flax. 

Interrelation of Factors for Flower and Seed Colors.—^Careful studies 
of the inheritance of flower and seed colors have been made. In the earlier 
papers (Tammes, 1911,1914,1916,1916) the interactions of three factors 
were reported. B and C together were found to be necessary for the 
production of light-blue flower color and when present together with A, 
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which is an intensification factor, dark-blue flowers resulted. When 
C is homozygous in the presence of B, the veins of the petal are darker 
than the rest of the same petal. The veins are the same color as the rest 
of the petal when C is heterozygous in the presence of B. B and A give 
the same result when heterozygous as when homozygous. As an example 
of the care with which details were worked out and to illustrate the 
pleitrophic effect of a single factor in its influence on more than one 
character the results presented in Table LI V are given. In this analysis 
C alone or with A was considered to be responsible for the production of 
wrinkled petals although when B was present it inhibited the action of 
C. B alone or in the presence of A and C conditioned the production 
of blue anthers and brown seeds. When B is absent the seeds and anthers 
are yellow. 

Further studies of Miss Tammes (1922) have led to the conclusion 
that several other factors condition color, shape, and breadth of petal 
and the color of the anther and seed coat. Six factors influence petal 
color. These are A, B,' C', Z>, B, and F. B' and C' are retained in 
place of B and C and are necessary for the production of color, although 
when A, /), B, and F are recessive extremely light-pink color is produced. 
B is an intensification factor of greater strength than A. When both A 
and B are present they have a cumulative effect. D with B' and C' 
conditioned the development of lilac color while these factors in the 
presence of F were necessary for the development of blue color. 

Common blue flax, therefore, contained all six factors; light blue 
carried the dominant condition for all except A which is recessive. The 
recessive of C' is the usual cause of lack of color in common white flax. 
Blue color in the anthers is dependent upon the interaction of B', B, and 
Hf and if any of the three are recessive, yellow anthers are produced. 
Thus either blue or white flowers may have either blue or yellow anthers. 
Color of seed coat is dependent upon a complex of factors designated by 
(r. D inhibits the action of G and when both D and G are present the 
seed is greyish green. Furthermore, the inhibitory action of Z) is 
neutralized by B'. C and D together produce crimpiness of the petal 
although B' neutralizes their action. 

Miss Tammes has obtained 46 different flower colors—blue, light 
blue, and lilac—which illustrates the complexity of the inheritance of 
color. Three series of multiple allelomorphs are known. As there are 
15 pairs of chromosomes in flax, the material is not very favorable for 
genetic linkage studies. 
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Table LIV.—Second and Third Generators op a Cross between a White 
Flowered Variety with Blue Anthers and Brown Seed (AABB) and a 
Crinkled White Variety with Yellow Anthers and Yellow Seed 

(AACC) 

In this table 


d.bl.flr. 

l.bl.flr. 

w. 


c.w. 

br.s. 

y.s. 

bl.st. 

y.st. 

with V. 

without V. 


« dark blue flower 
= light blue flower 
— white flower 
= crinkled white flower 
= brown seed 
= yellow seed 
= blue stamens 
= yellow stamens 

= with darker veins than the remainder of the petal 
= with veins of the same color as the body of the petal 


Fi expected 


obtained 

Fi expected 

Fa 

obtained 

1 AABBCC 



Only d.bl.flr. with v., bl.st., br.s. 


409 plants in 

d.bl.flr. with v., 





several fami- 

bl.st., br.s. 

,3 

213 



lies. 

2 AABbCC 



d.bl.flr. with v., bl.st., br.s. 

3 

60 

as above 




1 

21 

2 AABBCc 



d.bl.flr. with v., bl.st., br.s. 

1 

4 

d.bl.flr. without v., 



d.bl.flr. without v., bl.st., br.s. 

2 

8 

bl.st., br.s. 

6 

397 

w.flr., bl.st., br.s. 

1 

2 

4 AABbCc 



d.bl.flr. with v., bl.st., br.s. 

3 

31 

as above 



d.bl.flr. without v., bl.st,, br.s.. 

6 

63 




w.flr., bl.st., br.s. 

3 

34 




c.w.flr., y.st., y.s. 

3 

23 




w.flr., y.st., y.s. 

1 

9 

1 AABBcc ] 


i 

to breed true. 


1,317 plants in 

w.flr., bl.st., br.s. 


1 



several fami¬ 


3 

203 


! 

lies. 

2 AABbcc 



w.flr., bl.st., br.s. 

3 

1,271 

as above 



w.flr., y.st., y.s. 

1 

361 

1 AAbbCC ] 



to breed true. 


395 

c.w.flr., y.st., y.s. I 

^ 3 





2 AAbbCc 1 

i 

167 

c.w.flr., y.st., y.s. 

3 

obtained such 

c.w.flr., y.st., y.B. J 



w.flr., y.st., y.s. 

1 

segregation. 

1 AAbhcc ] 

► 1 

74 

to breed true. 


402 

w.flr., y.st., y.8. j 







Description of Fig. 39. 

1. Single flower—calyx; b, corolla, 

2. Branch showing—a, seed; b, calyx; c, flower just after blooming; d, bud. 

3. Calyx and corolla removed to show sexual organs in position— a, anther; b, filament; 
c, stigma; d, one of 6 divisions of style; e, ovary. 

4. 6. Cross and longitudinal section of ovary. 

5. Ovary, stigma, and 5-lobed style. 

7. Cross section of anther. 

8. Anther. 

SIse: 1, about fin; 2, about n; 3, nearly 4n; 4-8, greatly enlarged. 
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Inheritance of Size Characters. —Studies of length of seed were made 
with crosses of the wild angustifolium and cultivated varieties (Tammes) 
as well as with crosses between cultivated varieties. Seeds were of inter¬ 
mediate size in Fi and segregation occurred in F 2 . The number of individ¬ 
uals grown was not large and the parental forms were not always again 
obtained. From two to four multiple factors are necessary to explain 
results. 

Length and breadth of petal were also studied. Three forms were 
used, a small-petaled, white-flowered variety with a petal breadth of 3.3 
millimeters, the common varieties with a breadth of 7 millimeters and an 
Egyptian, cultivated, blue-flowered variety with a mean breadth of petal 
of 13.4 millimeters. In the cross between Egyptian blue and common 
white the factors for color of flower and seed and for size of seed were 
apparently inherited independently. Breadth of petal ranged from one 
parent to the other in F 2 . Several factors for size of flower were necessary 
to explain results. The common blue with a petal breadth of 7 millimeters 
was crossed with the small-petaled white with an average breadth 
of 3.3 millimeters. In F 2 all blue-flowered segregates agreed in size with 
the blue parent and all white-flowered segregates had small-sized petals. 
The cross between Egyptian blue and the small-petalled white gave blue- 
flowered races with petals of intermediate size in Fi and segregation for 
flower color in F 2 . The blue-flowered segregates gave a larger average 
breadth of petal than the white segregates. Three hundred plants of 
each color were examined. 


Table LV.— Correlation between Color op Corolla and Breadth op Petal 
IN THE F2 Generations of Flax Crosses 



Range, 

millimeters 

Average, 

millimeters 

300 blue-flowered plants. 

5.7-16.2 

10.8 

300 white-flowered plants. 

2.1-10.4 

4.6 

Parent Egyptian blue. 

10.5-16 2 

13.4 

Parent white flowered. . 

2.1- 4.2 

3.3 




These results were explained by supposing that the small-petaled 
white flax and the common varieties have the same factors for breadth of 
petal. C, one of the color factors, when alone or in the presence of A is an 
inhibition factor for flower size. B, when present, prevents the action of 

C. 

Wilt Resistance in Flax. —When flax is grown for several years on the 
same soil, a heavy infection of Fusarium Uni often results, and complete 
crop failure may occur. Bolley, as early as 1901, pointed out the true 
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nature of the disease and devised methods for its control. Seed treat¬ 
ment and crop rotation were shown to be beneficial as aids in the control 
of wilt. Seed selection, however, proved the most efficient control meas¬ 
ure. In general, Bolley (1903, 1909) found that 2 or 3 years’ selection 
under disease conditions was necessary in order to isolate a resistant 
variety. Both individual- and mass-selection methods were used. 
Similar studies carried on at the Minnesota Station (Stakman, et aLj 1919) 
have confirmed Bolley’s results. 

Bolley (1912) stated that no adequate explanation had been found 
for the accumulation of resistance when the crop was grown generation 



Fig. 40. —Selected and non-selected flax on wilt-sick soil. Bight foreground, non- 
selected flax killed by wilt; left foreground, selected flax; left background, non-selected, 
right background, selected. University Farm, St. Paul, Minn., 1918. (Aftei Stakman, 
et al., 1919.) 


after generation in diseased soil. He also believed that#resistant varieties 
would gradually lose their resistance when grown on wilt-free soil. 
Barker (1923) made a careful study of these questions. He found that 
some flax varieties contained no resistant or partially resistant genotypes. 
Resistance was not developed in such varieties as a result of constant 
association with the pathogene. Wilt-resistant pure lines did not lose 
their resistance when grown on clean soil. Some varieties which were 
wilt resistant were also resistant to flax rust caused by Melampsoro Uni, 

As an aid to seed selection in avoiding wilt, early planting is advocated. 
When planted early, a susceptible variety will often partially escape the 
serious effects of wilt. Likewise, a resistant variety frequently appears 
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entirely wilt free when planted early, while a later planting may show 
partial infection. 

Tisdale (1916, 1917) has made important contributions to the nature 
and inheritance of wilt resistance. A high temperature proved to be an 
especially favorable agent in overcoming resistance. The fungus pene¬ 
trates the flax plant through the stomata of seedlings, the root hairs, or 
the young epidermal cells. In the resistant plant, the fungus on entering 
stimulates cork-wall formation of cells adjacent to those attacked, which 
prevents further invasion. Infection of resistant plants by artificial 
inoculation of greenhouse or field cultures of Fusarium Uni did not occur 
in 43 trials. Check infections of susceptible plants gave 22 successful 
inoculations out of 47 trials. Tube cultures gave considerable infection 
of resistant plants although the resistance was marked when these were 
compared with tube cultures of susceptible strains. 

The inheritance of wilt resistance was studied. A great difference in 
the individuality of plants of the same strain with respect to resistance 
was shown by their offspring. Wide variation in appearance of Fi 
progeny from different crosses of susceptible and resistant plants of the 
same strains was obtained. Segregation occurred in F^* A part of the 
lack of uniformity of results may be explained by varying environmental 
conditions. Tisdale believes inheritance results can be explained by 
multiple factors. 

Methods of Breeding.—The flax plant is grown for either seed or 
fiber. Varieties range in height from approximately to more than 
3 feet. Aside from differences in inheritance, the thickness of planting 
strongly influences the habit of growth. The fiber crop is largely produced 
in the Old World, while Argentina and the United States are among the 
leaders in seed production. Methods of breeding for seed or fiber flax 
are essentially the same as with the small grains. 


TOBACCO 

The Genus Nicotiana, —The tobacco genus, Nicotianayy has been 
divided by earlier workers into four sections: Tabacum, Rustica, Petuni- 
oides, and Polidiclia (Don, 1838). More recently the latter two sections 
have been combined (East, 1912a; Setchell, 1912). East^s conclusions 
were reached by crossing N. bigelomiy of the Petunioides section, with 
N. quadrivgkis, which was formerly placed in Polidiclia section. iV. 
quadrivalvis produces four-celled capsules and is a smaller plant than N. 
bigelcmi. As the Fi hybrid was entirely fertile, there seems no good 
reason for placing these forms in different sections. The four-celled 
capsule proved to be a partially dominant character* 

From the standpoint of the student plant genetics the NicoHam 
genus is especially favorable material. Some of the reasons are: 
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1. Tobacco may be self-fertilized artificially with ease and the technic 
of crossing is very simple. 

2. Each plant produces a large number of seeds and the seed is viable 
for many years. 

3. There are a large number of varieties which are entirely fertile 
inter se. These furnish especially favorable material for a study of quan¬ 
titative characters. 

4. The different species furnish very favorable material for a study of 
sterility. Different crosses furnish Fi generations which differ from each 
other in sterility. The range extends from species crosses which give no 
viable seed and from completely sterile Fi crosses, to entirely fertile ones. 

Studies of chromosome numbers with various tobacco species have 
been made. Goodspeed (1924) reported 9 pairs in N. langsdorffii, N, 
alata, and N. longiflora; (it is of interest that alata and langsdorffii have 
been used extensively by East in studies of self-sterility); 12 pairs in N, 
glaucoj N, sylvestris, N, pamculatay N, glutinosa, and N. acuminata; 
24 pairs in N, tabacum, N> rustica^ N. bigeloviiy and N. nudicaulis. Tobacco 
is favorable material for studies of chromosomal behavior in species 
crosses and for studies of chromosomal aberrations. Clausen and 
Goodspeed (1924) have studied a trisomic character enlarged'^ which 
appeared in crosses of tabacum varieties. It was found to be dependent 
upon an extra chromosome. Only about 35.5 per cent of the functional 
ovules of enlarged transmit the character and about 3.4 per cent of the 
pollen grains. There was no evidence to support the belief that perma¬ 
nent increase of chromosome numbers may result from non-disjunction. 

In a study of species crosses between glutinosa and tabacum which con¬ 
tain 12 and 24 pairs of chromosomes, respectively, Clausen and Goodspeed 
(1925) verified a hypothesis presented by Winge (1917). It was pointed 
out by Winge that successive doubling of the chromosomes would give 
rise to geometrical rather than arithmetical ratios. He suggested that 
interspecific crosses followed by doubling of chromosome numbers would 
better explain some results. Thus certain tetraploids would have the 
formula 2(ni + n 2 ) chromosomes, where ni and n 2 represent the haploid 
numbers. Such a condition has already been mentioned for a species 
cross of wheat reported by Tschermak and Bleier (1926). Clausen and 
Goodspeed (1925) reported a case of a cross of N. gluUnosa X N. tabacum 
which bred true for the Fi appearance and which contained 72 chromo¬ 
somes of the formula 2(12 *4- 24). 

In another species cross (Clausen and Mann, 1924) between N. 
tabacum and N. sylvesiris, two haploid plants were obtained. Each 
resembled its tabacum parent in all characters although on a reduced scale. 

The Tabacum section is represented by numerous varieties of the 
species Nicotiana tabacum. These are natives of the New World. All 
eommemal tobacco grown in the United States belongs to this species* 
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The Rustica section includes all the yellow-flowering species and 
varieties. These are of commercial importance in some countries. 
In India for example, they are successfully grown commercially and for 
some purposes prove more desirable than the tabacum varieties (Howard, 
et aLf 19106, c). Among these rustica forms are three groups; (a) one in 
which the pistil is longer than the stamen and, therefore, one which must 
be artificially pollinated by hand or crossed by the aid of insects; (6) an 
intermediate type; and (c) forms in which the stamens and pistil are so 
arranged that self-fertilization is the usual rule. 

The Petunioides section contains numerous varieties and species. 
Many of these are grown as ornamental fiowering types. 

Parthenogenesis.—Parthenogenesis, meaning the production of 
viable seed without pollination, was shown by Goodspeed (1915) to occur 
in N. tahacunij variety Cuba. Under normal conditions its occurrence is 
rare. Wellington (1913) did not find parthenogenesis in a considerable 
series of experiments and with numerous treatments under greenhouse 
conditions. Several species as well as several commercial varieties of N. 
tabacum were used in this study. Howard (1913) states that partheno¬ 
genesis in A. tabacum does not occur under normal but may occur under 
abnormal field conditions, at Pusa, India. The occurrence of partheno- 
carpy and parthenogenesis have never been observed by Howard (1924) 
in any of the Indian types of NicoUana rustica, Howard and Ram (1924) 
extensively studied two varieties of N, tabacum furnished by Mrs. R. 
Haig Thomas who reported considerable parthenogenesis among varieties 
and hybrids of N, tabacum in England. No parthenogenesis was observed 
in India. 

Sterility.—Studies of crosses between N, tabacum varieties and N. 
sylvestriSf which belongs to the Petunioides section, have been made by 
Goodspeed and Clausen (1917). The Fi generation proved to be nearly 
sterile, although a few apparently normal pollen grains were produced. 
These could not be caused to germinate in their own stigmatic fluid or in 
other media. A few normally maturing ovules capable of fertilization 
were produced by the Fi plants. If the plants were kept under poor 
cultural conditions and the flowers pollinated by their respective parents, 
approximately 1 per cent of the number of seeds normally produced was 
obtained. If backcrossed with the sylvestris parent, practically 10 per 
cent of the offspring of the seeds produced are pure sylvestris. When 
crossed with tabacum^ part of the plants from the seeds produced seem to 
be of normal tobacco type and are fertile; others resemble UAcLcum but 
are sterile. The Fi plants closely resemble the particular variety of N. 
tabacum which is used as one of the parents. 

, Studies of self-sterility in tobacco crosses have been made by East 
(1919a, 6, c). East and Park (1917, 1918) studied crosses between N* 
forgetiana and N. alata which are self-sterile, and N. hngsdorffii, a iself-* 
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fertile species. Alata and forgetiana varieties sometimes produce seed 
late in the flowering season, although during periods of rapid growth they 
are entirely self-sterile. The few seeds obtained under reduced cultural 
conditions from selfing these self-sterile species are spoken of as cases of 
pseudo-fertility. 

Results of crosses between self-sterile and self-fertile varieties are 
given in the following table: 


Table LVI.—Inheritance op Sterility in Crosses between Self-fertile and 
Self-sterile Tobacco Species 


Paronts 


F, 

Forgetiana X LangsdorfRi. 

Self-fertile 

vigorous 

Self-fertile 

vigorous 

144-self-: 37 self- 

fertile sterile 

162 self-: 38 self- 
f('rtile sterile 

Alata X LangsdorfRi... 



The self-fertile condition proved dominant in F\ and a ratio of approxi¬ 
mately 4 self-fertile: 1 self-sterile plant was obtained in The self- 
sterile plants of F 2 proved self-sterile in later generations. East explained 
these results by a dominant factor, F, for fertility and a subsidiary 
factor, D, for pseudo-fertility which exhibits itself only in the presence 
of the factors for sterility, ff. This pseudo-fertility factor produces 
some fertility under certain conditions, thus tending to lower the number 
of self-sterile forms. 

East has suggested that differences in the rate of pollen germination 
are largely responsible for the differences in the length of pollen tubes 
from compatible and incompatible pollinations. When self-sterile 
plants are self-pollinated the pollen grains germinate but the pollen tubes 
grow so slowly that abscission of the flower occurs before the pollen tube 
reaches the ovary. 

East and Mangelsdorf (1925) have summarized the results of extensive 
studies of inheritance of self-sterility in N, alata and N. forgetiana. The 
following quotation is from Mangeldorf’s statement in Botanical Abstracts: 

The progeny of a cross between two self-sterile individuals consists of a small 
number of sterility classes, each member of a given class being reciprocally sterile 
with every other member of that class; but reciprocally fertile with members 
of other classes. Three such classes were present in the populations studied. 
When members of two different classes were crossed, the progeny consisted of two 
of the three classes in equal numbers, the class of the female parent being always 
absent in the progeny. 

The results were explained by the hypothesis of three allelomorphic, 
sterility factors, Si, Sa, and S 3 * The three classes were of the genotypes 
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S 1 S 2 , S 1 S 9 , and SiSz. It was supposed that a plant could be fertilized 
only with pollen-bearing factors other than its own. 

Color Characters. —Color of corolla has been studied for Nicotiana 
crosses. East (19166) found that in crosses between N. langsdorffii and 
N. alata there was a dominance in Fi of yellow over white in the color 
of the corolla. The langsdorffii parent produces blue pollen and the 
alata yellow. Reciprocal cr^jsses gave blue pollen in Fi^ although the 
color was somewhat lighter than in the blue-pollen parent. Results in 
F 2 showed 342 plants with blue pollen and 100 plants with yellow pollen. 
Yellow-pollen plants bred true in F 3 . In this case a cross between 
species which exhibits a monohybrid ratio exists. 

According to Allard (1919a) N. tabacum exhibits three distinct 
flower colors—carmine, pink, and white. In crosses between carmine 
and pink the Fi was carmine. The Fi pollinated with the carmine parent 
gave all carmine-colored progeny while the Fi crossed with the pink gave 
carmine and pink in a ratio of 1 : 1 . This indicates that carmine and pink 
differ in one genetic factor. In a cross of carmine and white the Fi was 
all light carmine. In F 2 there were 54 carmine, 95 light carmine, 26 
dark pink, 38 light pink, and 65 white. Some of the extracted whites 
revealed a tinge of color. Crosses of extracted whites with pink gave 32 
carmine and 62 pink, showing that extracted whites sometimes carried 
a carmine factor. The factor relations are not entirely clear. 

Several analyses of the inheritance of flower color have been made and 
several factors have been used to explain the results. Thus Clausen and 
Goodspeed (1921) explain various colors of the flowers of N. tabacum by 
the interaction of three factors while Sachs-Skalinska (1921) found eight 
independent genetic factors concerned in the complete pigmentation of 
N. sandarae. 

Quantitative Characters.— Many of the so-called size characters of 
tobacco are of great commercial importance. For this reason their 
mode of inheritance is of much interest to the breeder. Extensive studies 
of inheritance of these size characters have been made. Inheritance of 
leaf number will be given as an example of a common type of inheritance 
of size characters in this group. Sumatra, which averages 27 leaves, was 
crossed with Broadleaf, which gives an average of 19.4 leaves. The 
results for the parents and Fi to Fz generations as obtained at the Con¬ 
necticut Station are given in the following table (Hayes, East, and Bein- 
hart, 1913): 
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Table LVII.—^Inheritance op Leap Number in Cross (403 X 401) Sumatra X 

Broadlbap 


Number 

Year 

grown 

Gener¬ 

ation 

Leaves 

of 

parent 

Range of 
variation 

Total 

Mean 

C. V. 

403 Sumatra. . . 

1910 

Pi 


24-31 

150 

28.2±0.08 

5.2710.21 

403-1. 

1911 

p. 

29 

23-31 

125 

26.510.11 

6.6410.28 

403-1-2. 

1912 

p. 

29 

21-32 

151 

26.210.12 

8.2810.32 

401 Broadleaf. . 

1910 

Pi 


17-22 

150 

19.210.05 

5.0010.19 

401-1. 

1911 

Ps 

20 

16-22 

108 

19.110.08 

6.54±0.30 

401-1-1. 

1912 

Pz 

22 

lT-23 

145 

19.910.07 

6.0310.24 

403 X 401 “ B. 

1910 

Fi 


19-26 

150 

23.610.07 

5.5110.21 

B-1 . 

1911 

F, 

25 

17-32 

2,402 

22.710.03 

8.9910.11 

B-3. 

1911 

F, 

24 

17-35 

1,632 

22.510.03 

9.5110.10 

B-1.4. 

1912 

F> 

25 

16-29 

179 

22.510.12 

10.8410.39 

B-l-7. 

1912 

F, 

22 

17-28 

207 

21.510.10 

10.1410.34 

S-1-8. 

1912 

F, 

28 

19-33 

82 

26.310.20 

10.3810.55 

B-1-10 . 

1912 

F, 

26 

19-27 

151 

23.110.10 

7.7510.30 

B-l-12. 

1912 

F> 

25 

18-30 

209 

23.710.14 

10.5110.41 

B-1-14. 

1912 

F, 

25 

19-29 

56 

21.810.14 

7.1810.46 

5-3-5. 

1912 

F, 

27 

17-28 

159 

21.710.11 

9.4510.36 

5-3-6. 

1912 

F, 

28 

16-27 

229 

22.510.09 

8.7110.27 

5-3-8. 

1912 

F, 

25 

17-23 

85 

20.610.12 

8.2510.43 


The Broadleaf variety is commonly grown in one section of the Con¬ 
necticut Valley and is especially valuable for cigar wrappers. Sumatra, 
which is an imported variety, produces many leaves per plant but they 
are small. As may be seen from an examination of the table, the Fi had 
an intermediate number of leaves. Segregation occurred in and 
selected F^ plants gave Fz families which differed in the average number 
of leaves. jB- 1-14, showed the lowest coefficient of variability of any Fz 
family. Progeny of this same Ft plant were also grown at another 
locality and they proved uniform in number of leaves, the calculated 
coefficient of variability being 6.44 ± 0.27. B-1-10 gave a low coeffi¬ 

cient of variability and a mean leaf number which was about the same as 
in the Fi generation, i.e., intermediate between the parents. 

A cross was studied between Connecticut Havana, which is grown 
as a wrapper and binder tobacco both in the Connecticut Valley and in 
Wisconsin, and Cuban, a variety commonly grown under shade. The 
parents and Fx gave about the same number of leaves but in Ft transgres¬ 
sive segregation occurred, forms being obtained with a higher and lower 
leaf number than in either parent. The inheritance of size and shape 
of leaf was likewise investigated. The Cuban variety gives a short broad 
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leaf and the Havana a longer leaf which is proportionally narrower than 
the Cuban. Lines were obtained in Fs which bred true, respectively, 
to the parental-leaf shapes. 

East (1916a) has listed eight requirements, most of them independent 
mathematically, which should be met if size inheritance is typically 



Fig 41 .—At N. alata grandiflora; B, Fi of N. langsdorffii X N, dUUa grandiflora; C, N. 
langsdorflii (1911); D and E, extremes of the Fa generation (1912) X (.After East.) 


Mendelian, when all populations succeeding the original cross are obtained 
by growing progeny of single self-fertilized plants. These are: 

1. Crosses between individuals belonging to races which from long continued 
self-fertilization or other close inbreeding approach a homozygous condition, 
should give Fj populations comparable to the parental races in uniformity. 

2. In all cases where the parental individuals may reasonably be presumed to 
approach complete homozygosity, F 2 frequency distributions arising from extreme 
variants of the Fj population should be practically identical, since in this case all 
Fi variation should be due to external conditions. 

3. The variability of the F 2 population from such crosses should be much 
greater than that of the Fi population. 

4. When a sufficient number of F 2 individuals are available, the grandparental 
types should be recovered. 

5. In certain cases individuals should be produced in F* that show a more 
e3ttreme deviation than is found in the frequency distribution of either 
grandparent. 
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6 . Individuals from various points on the frequency curve of an F2 population 
should give F9 populations differing markedly in their modes and means. 

7 . Individuals either from the same or from different points on the frequency 
curve of an F2 population should give Fs populations of diverse variabilities 
extending from that of the original parents to that of the F2 generation. 

8 . In generations succeeding the F2, the variability of any family may be less 
but never greater than the variability of the population from which it came. 

All of the above eight conditions have been obtained in experi¬ 
ments and no fact directly opposed to them has been discovered. 

The quantitative characters in tobacco which have been studied are, 
therefore, typically Mendelian in their inheritance. A list of these 
characters and of the authority for the inheritance is here given. Not all 
papers on this subject are included. Those given show the general 
behavior of many of the characters in inheritance. 


Table LVIII.— Inhekitance je Tobacco Characters as Shown by Results op 

Crosses 


-1 

(character 

Grown in 

Authority 

Height of plant. 

Fi 

Jensen, 1907 

Hayes, 1912 

Howard, 1913 

Height of plant. 

Fly F 2 

Height of plant. 

Fi to Fa 

Number of leaves. 


Hayes, East, and Beinhart, 1913; 
Howard, 1913 

Hayes, East, and Beinhart, 1913 j 
Howard, 1913 

Howard, 1913; Hayes, East, and 
Beinhart, 1913 

Goodspeed, 1912, 1913; East, 

19166 

Johnson, 1919 

Howard, 1913 

Howard, 1924 

Leaf size. 


Leaf shape. 

F 1 to F% 

Spread, length and diameter of corolla. 

Sucker inheritance. 

Fi to Fs 

F\ to F^ 

Base of leaf. 

Fi to Fs 

Many characters of N, ruslica . 

Fi and F 2 


The results obtained in these studies of tobacco show that segregation 
occurs in F 2 for size characters and that forms similar to the parents as 
well as new sorts may be obtained in later generations. 

In some cases certain characters of commercial varieties can be 
explained on the basis of definite genetic factors. Kajanus (1924) found 
that green color of leaf was dominant over the yellow-leaf characters of 
White Burley and that a ratio in F 2 of approximately 15 green: 1 yellow 
was obtained while Kelaney (1924) explained certain leaf-base characters 
on a definite-factor hypothesis. One of the factors for the leaf-base 
character was linked with a factor for flower color and gave a crossing- 
over percentage of 7.5. 

Disease Resistance in Tobacco.—There are numerous plant diseases 
which are very injurious. Few studies of the mode of inheritance of 
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resistance and susceptibility have been made but resistant species, 
varieties, and strains have been observed in respect to several diseases. 
Anderson (1925) tested the reaction of 20 species of Nicotiana to wildfire 
caused by Bacterium tahacum. All 41 varieties of N, iabacum which 
were studied proved somewhat susceptible although several varieties 
were somewhat less susceptible than others. Several species proved 
resistant and all varieties of N. rustica proved resistant. 

Valleau and Kinney (1922) reported strains of White Burley resistant 
to root rot caused by Thielavia basicola. Certain strains which are 
resistant to root rot are of the same type and quality as the original 
variety from which they were selected. Over 75,000 acres of these 
resistant strains were grown commercially in 1924 (Valleau, 1925). 
These instances lead to the conclusion that breeding disease-resistant 
varieties will in some cases prove a valuable means of controlling certain 
tobacco diseases. 

Environment as a Factor in Tobacco Breeding.—It is a matter of 
common knowledge that environmental conditions widely modify the 
expression of characters. This is particularly noticeable in tobacco, 
where quality, size, and shape of leaf are of such marked importance. A 
belief has been frequently expressed that environment causes a breaking 
of type. The following quotation from Shamel (1910) emphasized this 
view for tobacco: 

The writer believes that the two efficient means of inducing variability as a 
source of new types are change of environment and crossing. So far as the writer 
is concerned, the change of environment—usually the growing of southern grown 
seed in the north— is the most effective means of inducing variability. 

Statements of this nature have been used as evidence that environ¬ 
ment modifies the characters of a pure line by inducing variability. A 
careful survey of experimental studies does not support this contention. 
The development of the shade-grown tobacco industry in the Connecticut 
Valley is of interest in this discussion. This shade method first originated 
in Florida in 1895 and was tried experimentally in Connecticut through 
ooo^ration of the Connecticut Experiment Station and officials of the 
Bureau of Soils. In 1900 acre was grown and the crop sold at an 
average price of 72 cents per pound, A considerable acreage was grown 
in 1901 and the crop sold at public auction at a much higher price per 
pound. Indiscriminate introduction of unselected seed from Florida 
was practiced and in 1902 over 700 acres were grown under shade in 
Connecticut. The result was a disastrous failure, owing to a lack of 
knowledge of methods of handling and to the use of unselected seed. By 
further study of handling and through careful selection in which arti¬ 
ficially self-pollinated seed was saved, the industry was {daced on a firm 
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foundation. This latter work was carried on by the Bureau of Plant 
Industry (Stewart, 1908). A knowledge of Cuban methods shows that 
imported Cuban seed is a mixture of many types. Some experiments 
have shown that the breaking up alluded to is an expression of the 
different hereditary qualities of the parental seed plants. In 1912 Hassel- 
bring grew a number of pure lines of tobacco in Michigan which he had 
formerly grown in Cuba. No evidence of breaking up of type was 
observed and whatever changes occurred in a pure line, owing to the new 
conditions, were uniformly exhibited in all plants of the pure line. 
Similar conclusions were reached from the immediate introduction of 
individual seed capsules of different tobacco plants from Cuba and their 
subsequent growth under shade in Connecticut (Hayes, 1914). Careful 
studies at Pusa, India, convinced the Howards (1910a) that new condi¬ 
tions did not cause a breaking up of type. They ascribed the apparent 
variability of new introductions to cross-fertilization, which was shown to 
occur frequently in tobacco. 

Although there have been some differences of opinion as to the cause 
of variability of new introductions, there is uniformity of belief regarding 
the methods of obtaining purity of type. Artificial self-pollination gives 
uniformity, and continued self-fertilization produces no harmful effects. 
This method was strongly recommended by officials of the United States 
Department of Agriculture (Shamel and Cobey, 1907) and by the different 
state experiment stations. The Howards, in India, likewise urged the 
use of self-fertilized seed. Garner (1912) states that several types have 
been inbred by growing the seed under bag from 6 to 8 years without any 
observable change in vigor or habits of growth. These facts, together 
with the studies of inheritance of quantitative characters, show that the 
pure-line theory and MendeFs law furnish a reliable guide to tobacco¬ 
breeding operations. 

As quality of cured leaf is of such great importance in tobacco, it is 
necessary that the breeder have a thorough knowledge of the sort of leaf 
desired. Practical breeding operations must then be carried on under 
the soil and climatic conditions in which the crop is to be grown. An 
added complication is the necessity of basing the final judgment of a 
particular selection upon the comparative value of the cured leaf after 
fermentation. The difficulties of comparing numerous strains, while not 
insurmountable, are naturally much greater than for an equal number of 
small grain selections. 

Mutations in Tobacco.—The sudden appearance of giant plants 
with abnormally high leaf number has been recorded in the Sumatra, 
Maryland, Cuban, and Connecticut Havana varieties of N, tabacum 
(Allard, 1919). These new forms under field conditions have a much 
longer period of vegetative vigor than the normal varieties. Conse- 
t}uently, blossoming does not take place under ordinary field conditions. 
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Otherwise, the general habit of each of these new types is not very 
different from the normal variety from which it was obtained. 

Two of these new varieties of giant habit are of some commercial 
importance. A short account of their first recorded appearance together 
with their cultivation as commercial varieties will be given. Giant 
plants were noted in 1912 in the Cuban variety which is grown under 
shade in the Connecticut Valley (Hayes and Beinhart, 1914). The 
history of the normal Cuban variety from which the giant type was 
obtained is of interest (Hayes, 1915). Seed of the normal variety was 
saved under bag, which insures self-fertilization, from 1904 to 1909, 
inclusive. In 1910 and 1911 seed was saved in bulk from plants which 
were grown under the cheesecloth cover used in producing shade-grown 
tobacco, but individual plants were not bagged. During the period from 
1904 to 1910 no abnormal types were observed. Studies of leaf inherit¬ 
ance in the Cuban variety were made from 1910 to 1914, inclusive. An 
average of 150 plants was carefully examined yearly and no aberrant 
types were observed. 

In 1912 about 100 acres were grown by the Windsor Tobacco Growers^ 
Corporation from seed saved in 1911, and late in the season three plants 
were discovered which had produced a high leaf number and showed no 
signs of blossoming. One of these plants when taken to the Connecticut 
Experiment Station greenhouse produced 72 leaves and blossomed about 
January 1. Considerable seed was saved from this plant and acre 
of the new type was grown in 1913. The plants were of uniform appear¬ 
ance. They differed from the normal Cuban in having leaves of a 
somewhat lighter green, in having but few basal suckers, and in a long- 
continued period of growth; whereas the normal Cuban variety bears a 
terminal inflorescence after producing from 14 to 25 leaves on the main 
stem. 

This variety was grown commercially for several years but has been 
discontinued because it is not equal in quality to the normal Cuban 
variety. A similar type occurred in a Japanese variety (Tukada and 
others, 1923) and in experimental tests proved fairly satisfactory except 
for the difficulty of producing seed. This difficulty may be overcome in 
part by exposing the plants to ‘‘shortened days’^ and thus hastening the 
production of blossoms. The experiment which demonstrated this fact 
will be briefly described after giving a short history of Maryland 
Mammoth. 

The Maryland-Narrowleaf-Mammoth type first appeared in 1907 
in the second generation of a cross between two common varieties of 
Maryland tobacco (Garner, 1912). One hundred and fifty-seven plants 
of this new form were grown in 1908 and aU plants were of Mammoth 
hafeit. This new variety has been grown commercially since that time 
and retains its characteristics of high leaf number and non-blooming 
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habit under normal field conditions.^ Accurate information regarding 
the acreage of Mammoth tobacco in southern Maryland is not available 
but some hundreds of acres were grown in 1920. The chief limiting 
factor in the acreage is the quantity of seed available. As Maryland 
tobacco is harvested by cutting and spearing the stalk, there is Httle 
additional cost in harvesting the giant type. The Mammoth variety 
will yield 2,000 pounds or more per acre and the quality of cured leaf is 
superior to the ordinary varieties. Comparative yields show that the 
Mammoth variety yields 20 to 25 per cent more than other varieties 
when grown on productive soil. As the Mammoth variety has shorter 
internodes than ordinary varieties the leaves shade one another. This 
prevents coarse texture and dark colors even on highly productive soil. 
The ordinary varieties, when grown on rich soils, yield dark-colored and 
coarse-textured leaves. The value per acre of the Mammoth tobacco is 
30 to 40 per cent higher than ordinary varieties (see Fig. 42). 

Garner and Allard (1920) have studied the effect of relative length 
of day on growth and development of plants, particularly with respect 
to sexual reproduction. By placing a ventilated, dark chamber in the 
field the relative number of hours of exposure to sunlight was controlled 
as desired. They found that: 

Normally the plant can attain the flowering and fruiting stages only when the 
length of day falls within certain limits, and, consequently, these stages of 
development ordinarily are reached only during certain seasoris of the year. In 
this particular, some species and varieties respond to relatively long days, while 
others respond to short days, and still others are capable of responding to 
all lengths of the day which prevail in the latitude of Washington where the tests 
were made. 

In the absence of a favorable length of day for bringing into expression 
reproductive processes in certain species, vegetative development may 
continue and thus lead to the production of such varieties as Stewart 
Cuban and Maryland Mammoth which under ordinary conditions never 
reach the flowering stage. 

Thus, certain varieties or species may act as early or late maturing, depending 
simply on the length of day to which they happen to be exposed. 

The Stewart Cuban and Maryland Mammoth varieties of tobacco, 
as well as several other species were used in a determination of the effect 
of reduced length of day in forcing flowering. In discussing the effects 
of controlling light as a means of forcing flowering in Maryland Mammoth, 
Garner^ says: 

^ Information kindly furnished by Dr. W. W. Garner, Physiologist, in Charge of 
Tobacco and Plant Nutrition Investigations, Bureau of Plant Industry, United 
States Department of Agriculture. 

* From a letter written Sept. 14, 1920. 
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Fio 42.—Field of Maryland Mammoth in Pnnce George’s County. Maryland, 1920 The man in the foreground is more than 6 feet 
taH. Two men of average stature standing in the tobacco are scarcely \isible The stake is 7 feet tall {Courtesy of Gamer ) 
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Fia. 43.—Control series of Maryland Mammoth tobacco in twelve-quart buckets left 
out of doors during the experiment. Flower buds just beginning to show when photO' 
gniphed, August 10, 1919. {Courtesy of Garner.) 



Fio. 44.—Front row in twelve-^uart buckets exposed to light from 9 a.m. to 4 p.m. or 
7 hours daily. Bear row in twelva-quart buckets exposed to light from 6 a.m. to 6 p.m. 
or XSl h<’urs d$My, Note that lattor aio larger plsnts but flowered considerably later than 
thefome^. <CWlssKy 
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Under a given length of day favorable to flowering, this type can be made to 
produce any quantity of seed ranging from a single pod up to a large inflorescence 
by appropriate regulation of the quantity of soil in which the plant grows. 

Plants grown in 12-quart buckets produced large amounts of seed 
when the length of day was shortened by placing the plants in the dark 
chamber for a part of the normal day. A control series left out of doors 
during the experiment began to show flower heads about the middle of 
August (see Fig. 43). Plants exposed to 7 hours of light daily produced 
large quantities of seed while those exposed to 12 hours of light daily grew 
larger but were later in blossoming (see Fig. 44). 

In southern Florida during the ordinary winter months, the Maryland 
Mammoth behaves as ordinary tobacco, showing no evidence of its tall, 
late habit. Thus quantities of seed could easily be produced under these 
conditions. 

Allard (1919) crossed normal varieties with the Mammoth type. 
The Fi averaged somewhat higher in leaf number than the normal 
varieties but invariably blossomed under field conditions in practically 
the same period as ordinary varieties of N. iabacum, A total of 1,820 F% 
plants was grown and 439 were of the giant habit. 



CHAPTER XIV 


COTTON AND SORGHUM 
COTTON 

Little is definitely known of the antiquity of cotton. Evidence has 
been obtained which indicates that it was cultivated in India in 1500 B.C. 
and in Egypt 1,300 years later. Species of cotton are indigenous both 
to tropical America and to India. Because of the extent of natural 
crossing (5 to 13 per cent according to Balls, 1912; 12 to 28 per cent 
according to Kearney, 19236), the difficulties of studying inheritance 
and of carrying on practical breeding operations are greater than with 
many other crops. This crop belongs to the often cross-pollinated group 
although artificial self-pollination may be easily carried on without 
apparent reduction in vigor (Kearney, 19236). It seems reasonable to 
conclude that deterioration in a selected variety is largely the result of 
natural crossing. Methods of pedigreed-seed production should, there¬ 
fore, be developed to their highest possible efficiency. 

Classification.—Cotton belongs to the genus Gossypium which is made 
up of a number of species. Although several classifications of this crop 
have been published, considerable disagreement still exists. The varie¬ 
ties of cotton grown in India are derived principally from G. herhdceum^ 
those grown in hlgypt from G. barbadense^ and those grown in America 
from G. hirsutum and G. barbadense. Among the classifications of 
cotton that have been made those of Parlatore (1866), Todaro (1877), 
and Watt (1907) may be mentioned. In addition to these, Gammie 
(1905) has published a classification of the Indian cottons and Duggar 
(1907) a classification of the varieties of American Upland cotton. 
The commercial value of cotton and the separation into the above species 
groups are largely determined by three characteristics of the fiber, namely, 
length, tensile strength, and fineness. Some other morphological 
characters that have been used in classification are: presence or absence 
of fuzz on the seed, color of fiber and flower, form of boll, and general 
habit of growth. 

Species, Relationship, and Chromosome Number. —Webber (1905) 
was unable to cross Aiden cotton which he classified as G. herbaceum with 
varieties of either Sea Island, G, barbadense^ or Upland, G. hirsuium. 
On the other hand, successful crosses have been made between varieties 
belonging to the two species last named. The reason for this difference 
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in behavior may be owing to a difference in chromosome number and 
what it involves. In this connection Denham (1924) has published some 
interesting results on the cytology of the cotton plant. Thirty-two 
varieties belonging to American, Sea Island, Egyptian, Indian, and 
Chinese types were examined for chromosome number and were found to 
fall into one of two groups. The haploid number of chromosomes for the 
Indian and Chinese types was found to be 13 and the haploid number for 
the other types 26. In the group with 13 chromosomes, one was found to 
be distinctly larger than the remaining 12 and in the other group two 
chromosomes were found to be distinctly larger than the remaining 24. 
Denham states that on the whole the plants of the 26-chromosome group 
are larger, stems taller, leaves, flowers, and bolls larger and lint longer 
than in the plants of the 13-chromosome group. It is suggested that this 
may be an instance of gigantism owing to the doubling of the chromosome 
number. As far as is known no successful crosses have been made 
between the American or Egyptian types of cotton and the true Indian 
type. 

Inheritance Studies.^—The transmission of characters in cotton have 
been studied by several plant breeders. In general, the behavior of the 
characters of this crop is in conformity with Mendelian principles. 

Leaf-Made Color .—Leake (1911) made several crosses involving red- and green- 
leafed types in which he found red dominant and obtained monohybrid segregation in 
Ft. Considerable variation was manifest in the intensity of the red coloring. As a 
result of crosses between varieties of Upland cotton with red and green leaves, McLen • 
don (1912) concluded that the Fi was intermediate and that the F^ generation indi¬ 
cated a 1:2:1 segregation. In a cross between a broad-lobed, red-leafed form and a 
narrow-lobed, green-leafed form the Fi was intermediate with respect to both charac¬ 
ters and the segregation in the F^ generation was characteristic of a dihybrid when the 
two characters are inherited independently and when it is possible to distinguish the 
intermediates. 

Leaf-caUiLs Color .—Balls (1910) studied the inheritance of coloring on the leaf callus 
in an Upland-Egyptian cross. In Fi an intermediate condition was obtained and 
by classifying the Fs generation as spotted,'^ intermediate,^^ and '^no spot^' a 
close approximation to a 1:2:1 ratio was obtained. The ‘‘spotted^^ and *^no spot” 
bred true in Fz and the intermediate” segregated again. 

Petal Color .—In a cross between a red- and a yellow-flowered Indian cotton, 
Fletcher (1907) obtained evidence that these characters were dependent on a single 
factor difference for their expression and that red was dominant to yellow. In another 
cross he found that yellow was dominant to white. Fyson (1908) obtained similar 
results in a yellow-white cross with Indian cotton. Evidence of monohybrid segrega^ 
tion was obtained in the Fj generation. Balls (1910) on the other hand, in an Ft 
hybrid between Upland and Egyptian, found that petal color was intermediate and in 
Fi he obtained yellow, intermediate, and white flowers in the ratio of 1:2; 1. In a later 
publication (1912) it is suggested that there are at least three pairs of allelomorphs 
iijvolved in the inheritance of petal color in the Upland-Egyptian crosses. In the 
work of Balls as well as that of Kearney (1923a) with the yellow-white cross there was 

1A summary of Ksaunkt (1923a) haa been freely used in this diseusirion* 
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an excess of the light-colored petal types obtained in F 2 . Kearney crossed Holdon 
(Upland) with Pima (Egyptian). Leake (1911) obtained an F 2 generation from a 
cross of two Indian cottons one of which was yellow-flowered the other white-flowered, 
in which segregation was nearer 2:1 than 3:1. It is suggested that the ratio obtained 
is owing to the fact that Indian white-flowered strains are hardier than the yellow- 
flowered strains. The same investigator found a correlation between size and color 
of petal, white petals being smaller than yellow petals. Kearney obtained similar 
results in the Holdon-Pima cross, however, individual F 2 plants were found in which 
the reverse relation existed. These F 2 plants bred true in P 3 which indicates that the 
correlation was a result of genetic linkage. 

Leake obtained some evidence that red color in the vegetative organs and in the 
petals may be dependent on the same factor for its development. In the F 2 generation 
of a cross of red-leafed, red-flowered with green-leafed, yellow-flowered Indian cotton, 
he obtained for both characters a ratio of 3 red: 1 non-red. In another case he crossed 
a red-leafed, red-flowered type with a green-leafed, white-flowered type. 

In F 2 the following were obtained: 


Number 


Petals, red; leaf all red . 89 

Petals, red and yellow; leaf veins red . 193 

Petals, red and white; leaf all red. 30 

Petals, red and white; leaf veins red. 78 

Petals, yellow; leaf green. 96 

Petals, white; leaf green. 25 


The results were explained by assuming that the red-colored parent carried both a 
factor for red color in the leaf and petal dominant to its absence and a factor for yellow 
color in the petal dominant to its absence. The other parent carried the recessive 
factors for both of these colors. McLendon (1912) and Harland (1920) have also 
investigated the inheritance of flower color in cotton. The latter obtained a devia¬ 
tion from the expected F 2 classes which was explained on the basis of accidental 
cross-pollination. 

Petal Spot, —McLendon crossed Sea Island cotton which had spotted petals with 
varieties of Upland which were spotless. The Fi was intermediate and the F 2 indi¬ 
cated that a single-factor difference was operative. In a cross between Holdon and 
Pima, Kearney (1923a) obtained similar results except that the presence of the spot 
behaved as a dominant over its absence. Balls (1910) obtained some evidence from 
an Upland-Egyptian cross that there may be two allelomorphic pairs concerned in the 
inheritance of petal spot. Leake and Prasad (1914) found that the presence of this 
character was completely dominant to its absence in the Fi of a cross between Chinese 
cotton. 

Anther Color. —The inheritance of anther color has been investigated by Kearney, 
Balls, and McLendon. The results obtained indicate that this character is trans¬ 
mitted as a simple monohybrid with yellow dominant to the pale color. McLendon’s 
results with Sea Island-Upland crosses seemed to indicate that petal and anther colors 
were controlled by the same factor, on the other hand, in the Holdon-Pima cross made 
by Kearney the inheritance of color in these two organs was independent. 

Fther Color, —Fiber color differentiated the Holdon (white) and Pima (pale buff) 
paimts in the cross made by Kearney. The Fi generation was intermediate and in 

a unimodal curve was obtained. In a cross between Mit Aflfl Egyptian (brown 
fitter) and a white^ffbered Upland eotton, Balls (1910) obtained an intermediate F\ 
«nd a segingation in F% which indicated that a single factor difference was operative 












238 


BREEDING CROP PLANTS 


in the inheritance of this character. In a later publication (Balls, 1912) there was 
some evidence offered that fiber color was somewhat more complex in its inheritance. 

Petiole Hairiness. —In an Upland-Egyptian cross, Balls (1910) found that pubes¬ 
cence on the petiole was inherited as a simple monohybrid with the glabrous condition 
dominant. In a subsequent publication (1912) the same investigator presented evi¬ 
dence that the inheritan oe of this character was somewhat more complicated. Kearney 
(1923a) in a Holdon-Pirna cross found a partial dominance in Fi of the glabrous condi¬ 
tion. In F 2 a skew distribution and transgressive segregation were obtained. In an 
Upland-Sea Island cross McLendon (1912) obtained incomplete dominance in Fi 
of the hairiness of the Upland parent and in F 2 a distribution that ranged from one 
parent to the other. 

Boll Lock Number. —The inheritance of number of locks to the boll seems to be 
controlled by multiple factors. In a Holdon-Pima cross Kearney obtained an inter¬ 
mediate condition in Fi and a fairly symmetrical unimodal distribution in Fg. Balls 
obtained similar results in crosses between Upland and Egyptian varieties. 

Boll Shape. —McLendon investigated certain Sea Island-Upland hybrids and 
concluded that the short thick type of boll is a recessive character and that it is trans¬ 
mitted as a monohybrid. On the other hand Kearney with a Holdon-Pima cross and 
Balls with Upland-Egyptian crosses found that the inheritance of boll index (diameter 
relative to length) was dependent on several factors. 

Boll Surface. —Both McLendon and Balls obtained evidence that the inheritance 
of the character of the surface of the boll (smooth or pitted) was dependent on multiple 
factors. In a Holdon-Pima cross Kearney found that the presence of the midlock 
furrow in the Holdon parent was inherited as a dihybrid. Midlock furrow was absent 
in the Pima parent. In F 2 , 94 plants showed no trace of the furrow whereas the 87 
remaining plants showed this character in varyjing degrees. 

Fiber Length, —Balls obtained evidence from Upland-Egyptian hybrids that long 
fibers were dominant to short and that this character was dependent on a single¬ 
factor difference for its expression. The investigations of McLendon and Kearney 
indicated that fiber length was dependent on several factors. Thadani (1925), in 
crosses between long- and short-staple forms, obtained evidence that long staple was 
dominant over short. The same investigator obtained results that indicated a high 
percentage of lint was dominant to a low percentage. The F 2 and Fg generations 
showed that a single-factor difference was involved in the inheritance of this 
character. 

Seed Fuzziness. —The inheritance of the fuzziness of the seed in cotton appears to 
be controlled by several factors. This character has been investigated by Kearney 
(19236), Fletcher (1907), Fyson (1908), Balls (1909,1910,1912), and McLendon (1912). 
In a Holdon-Pima cross entire fuzziness of the upland parent was dominant to 
partial fuzziness of the Egyptian parent. In another cross between smooth-seeded 
tree cotton, G. peruvianum, and a fuzzy-seeded American Upland variety the 
smooth-seeded condition was dominant. In a cross between a fuzzy-seeded Upland 
cotton and a variety of Egyptian with very little fuzz on the seed, Balls obtained a 
dihybrid ratio, 15:1, in F 2 . In crosses between varieties of Egyptian cotton differing 
in the amount of fuzz on the seed, monohybrid segregation was obtained in Fa, 
more fuzz being dominant over less fuzz. Thadani (1925) found that naked seed 
in the Upland variety, No Lint, was completely dominant over fuzzy seed in other 
Upland varieties. The segregating ratios obtained indicated that a single-factor 
difference was operative in the inheritance of these characters. 

Leaf Shape .—Kearney (1923o) investigated the inheritance of leaf index (width as a 
percentage of the length) and leaf-lobe index (distance to the upper sinus as a percent¬ 
age of the length) in a Holdon-Hma cross. In F\ the mean leaf index was higher than 
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in either parent whereas the mean leaf-lobe index was like that of Pima the more deeply 
lobed parent. The distributions for each of these characters obtained in F 2 indicated 
that multiple-factor inheritance was involved. Balls (1912) obtained similar results 
with regard to leaf-lobe index in an Upland-Egyptian cross. Leake (1908) studied 
the inheritance of a “leaf factor” which he obtained by integrating the breadth of the 
lobes and the depth of the lobation in crosses of G. indicum (deep, narrow lobes) with 
G. arhoreum or G. neglectum (broad, shallow lobes). In Fi an intermediate condition 
was obtained and in F^ a 1:2:1 segregation occurred. Fyson (1908) also obtained 
monohybrid segregation with respect to this character but he found deep, narrow- 
lobed leaves dominant. Shoemaker (1909) crossed two Upland cottons, one an “okra 
leaf” (deep, narrow lobes) type and the other a shallow, broad-lobed type. In Fi 
intermediates were obtained and in F 2 a 1:2:1 segregation occurred. McLendon 
(1912) obtained similar results with a Sea Island-Upland cross. 



Fkj. 45.—View of flower of cotton, from above, showing position of petals, stigmas and 
stamens (natural size). {After Cook.) 


Size Characters. —-Kearney (1923a) studied the inheritance of 18 size characters, 
some of which have been mentioned above. Most of these size characters showed 
heterosis in Fi and the distributions obtained in F 2 indicated multiple-factor inherit¬ 
ance. Balls found that a dominant long petal when crossed with a recessive short 
petal gave in F 2 a 3:1 segregation. The same investigator in a cross between Egyptian 
(Abassi) and Texas Upland obtained transgressive segregation. Similar results were 
secured in studying the inheritance of date of flowering and weight of seed. The 
results of the study of weight of seed are of general interest. In a. cross of Afifi and 
Truitt, where the mean seed weights of the parents were 0.105 and 0.135 grams, 
respectively, the weight of the Fi was 0.165 grams. Weights in F 2 varied from 0.08 
to 0.175 grams. The light-seeded forms bred comparatively true in Fz although 
differing somewhat in means. The larger-seeded types bred true in Fz or segregated, 
giving both large- and small-seeded forms. An illustration of this sort of behavior 
for the parents, Fi and Fi generations, is given diagrammatically in Fig. 47. As has 
been pointed out, length of liilt is also inherited and, in some cases, segregation 
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approaches a simple 3:1 ratio with long lint as the dominant character. Later genera¬ 
tions in some crosses gave pure parental types as well as other lint lengths which 
appeared homozygous. Correlation between length of lint and size of seed may 
explain some complications. 



Fig. 46. —Upper left, flower of Upland ootton, from below, with bracts removed show¬ 
ing the arrangement of calyx lobes, petals and nectaries; at right, petals; lower left flower 
of cotton with one bract removed dkowing spirally arranged stamens and stigma. {A/ter 
Cook.) 

Chhropkpll Z)sj^cismjtes.--^trom^ sad Mahoney (1925) observed two kinds of 
chkrophyli deficiencie^i in seedlings of cotton. One of these is described as yellow 
which contains only a small amount of chlorophyll and the other is described as 
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ranging from a seedling with small areas devoid of chlorophyll to one which has a 
small amount of chlorophyll throughout the leaf. The inheritance of the former seems 
to be dependent on two factors whereas the inheritance of the latter which is called 
“pattern'^ seems to be controlled by one, two, and possibly three factors. The ratios 
3:1, 9:7, and 37:27 were found in the same and different families. Some evidence 
was obtained that two of the factors were linked. 



Fio. 47,—Seed weights of parent varieties, King and Charara, and and B\ generation 

crosses. {After Balls.) 


Linkage .—In addition to the linkage relations in cotton which have been pointed 
out above, Thadani (1923), in crosses between varieties of Upland, has found linkage 
between seed fuzziness and amount of lint on the seed and between vegetative color 
and fruiting habit. In the crosses reported, naked seed and a low amount of lint were 
absolutely coupled. 


Correlation of Characters.—The correlation of characters is of some 
interest to the plant breeder. In some cases correlation may be owing to 
genetic linkage and in other cases the correlation may be purely somatic. 
Stroman (1925) made a statistical study of 16 varieties of cotton. Positive 
correlations were found for all varieties between yield of lint and of seed, 
yield of lint and number of five-lock bolls, yield of seed and number of 
five-lock bolls, yield of lint and number of four-lock bolls. On the other 
hand, no consistent correlation was found in the different varieties between 
yield of lint and per cent of lint, yield and length of lint, yield of seed and 
per cent of lint, yield of seed and length of lint, per cent of lint and length 
of lint, and per cent or length of lint and five- or four-lock bolls. 

Dunlavy (1923) has reported significant correlations between eight 
pairs of characters in Texas cotton. Among the characters studied was 
lint index which is defined as ‘‘the weight in grams of the fibers produced 
hy 100 seeds/' The correlations obtained were as follows: 
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Lint index and weight of seed. 4*0.70 ± 0.02 

Boll size and weight of seed. 4*0.66 ± 0.03 

Per cent of five-lock bolls and size of boll. 4*0.53 ± 0.06 

Weight of seed and per cent of lint. —0.53 ±0.04 

Boll size and lint index. 4-0.48 ±0.05 

Per cent of lint and length of staple. —0.44 ±0.04 

Weight of seed and length of staple . 4-0.43 ± 0.04 

Boll size and per cent of lint. —0.39 ±0.05 


Kearney (1924) found that the degree of the expression of petal spot in 
Pima cotton was positively correlated with size of flower. It is suggested 
that this character may be of importance in roguing pure seed stock. 
Harris, et al. (1924) have pointed out that the tissue fluids of Egyptian 
varieties of cotton carry a higher chloride content than do those of the 
Upland varieties. This may partly explain why the Egyptian sorts give 
better results on saline types of land. 

Kearney (1924c) has pointed out that the bolls on the lower parts of 
the plant produce the shorter fibers; hence, the later pickings yield the 
longer fibers. Length of fiber has been found (Prasad, 1922) to be corre¬ 
lated with length of stigma. It is suggested that this relationship may 
be owing to genetic linkage. 

Selective Fetilization.—Kearney (1923a) applied both Pima and Up¬ 
land pollen separately to different flowers of Pima and found that the 
pollen tubes developed with equal rapidity. On the other hand, when a 
mixture of pollen was applied to an Egyptian flower, selective fertilization 
occurred in favor of the related pollen. This differential in favor of the 
related pollen was obtained irrespective of whether the pollen mixture 
consisted of a mixture of pollen from different varieties of Egyptian or of 
a mixture of pollen from Egyptian and Upland. Kearney states that the 
selective fertilization may be owing to an inhibitive influence of pollen 
of the same variety upon foreign pollen. In a later paper (1924a), the 
same author reported the results of further study on this question. It 
was found that on the average about 75 per cent of the ovules were 
fertilized by pollen of the same type and variety when pollen of the other 
type was used simultaneously and in equal quantity. This held true 
for both the Egyptian and the Upland types. 

Mutations in Cotton.—The cotton plant, like Oenothera, has often 
been spoken of as having germinal instability and likely to produce 
mutations. While mutations undoubtedly do occur, it is likewise highly 
probable that many of the so-called mutations are simple segregates of 
a former natural cross. The ease with which natural crossing occurs 
and the large number of chromosomes contained in the cotton gamete 
facilitate the appearance of forms differing from the general type. Egyp¬ 
tian cotton is described by Kearney (1914) as being a mutating type. 
From it the varieties Yuma, Pima, and Gila are supposed to have arisen. 
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In this connection it is of interest to point out that the common belief 
as to the origin of Egyptian cotton is that it arose by hybridization 
between a brown-linted tree cotton and American Sea Island. The 
subsequent development is unknown. 

In view of the foregoing, and the fact that no convincing evidence has 
been presented to the contrary, the present writers believe that many of 
these supposed mutations are in reality factorial recombinations resulting 
from natural crossing. 

Cotton Breeding.—Cotton improvement by breeding may be 
sought along lines similar to those followed with naturally selfed crops. 
In producing pure-line material for scientific study and subsequent 
hybridization, it is essential to obtain absolute self-pollination. It has 
been pointed out above that continued self-fertilization in cotton is not 
attended by a marked reduction in vigor. Evidence in support of this 
statement has been offered by Kearney (19236), Harland (1923), and 
others. 

One of the outstanding problems of the cotton industry at the present 
time is to standardize production. The supply of pure seed available 
for planting is wholly inadequate. The mixing of seed at the gin and 
the natural crossing that takes place in the field are two very important 
causes of the deterioration of superior varieties. These difficulties may 
be overcome first by obtaining or breeding a superior pure strain and then 
concentrating community effort on growing this one strain. Uniformity 
of staple is very important to the manufacturer. 

From a commercial standpoint, a productive cotton with long lint 
and smooth seed is desirable. Webber (1905) crossed Klondike, a 
productive Upland variety, and Sea Island, which has long lint and 
smooth seed. Out of an F 2 generation consisting of several thousand 
plants, only 12 combined the large blunt bolls of the Upland with the long 
lint and black seed of Sea Island. The progeny of each of these 12 plants 
was grown in isolated plots and subjected to vigorous selection. In the 
fiifth generation a number of plants gave progeny ‘‘nearly fixed in type.^* 

Resistance to wilt disease is a character of considerable commercial 
importance. This disease is caused by Fusarium rasinfectum Atk. which, 
according to Orton, attacks only the cotton and its near relatives. By the 
plant-to-row method and under wilt-infection conditions, it was found 
possible to build up varieties which are resistant to wilt. A number of 
resistant, high-yielding varieties have been introduced in the cotton¬ 
growing regions of the United States. The character of wilt resistance 
was transmitted in crosses but nearly every cross gave a different result. 
In general, resistance proved dominant but there was often considerable 
variability, possibly due to the gametic composition of the parents or to 
the nature of the reaction between the disease organism and the host plant 
or to the Imk of uniform environmental conditions. Wilt resistance does 
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occur and varieties may be obtained which are resistant and are also of 
good quality with respect to yield and staple. 

Cotton anthracnose, Glomerella gossypii^ and bacterial blight, Bacte¬ 
rium malracearum^ are other diseases of cotton which may be controlled 
by the production and use of disease-resistant varieties. 

SORGHUM^ 

Origin.—The numerous diversified forms of sorghum indicate that 
it has been cultivated a long time. Evidence has been found that it was 
grown in Egypt as early as 2200 B.C. Hackel places all the cultivated 
sorghums and the various forms of Johnson grass in one botanical species. 
It has been pointed out by Piper (1916) that two species exist: the peren¬ 
nials, Johnson grass and its varieties {Andropogon halepensis)^ and the 
annual sorghums {Andropogon sorghum). The former possesses root¬ 
stocks, and it is difficult to cross it with either the cultivated or wild 
forms of sorghum. 

The wild annual sorghums, which are found almost exclusively in 
Africa, cross readily with the cultivated forms. Piper suggests that one 
or more of these several wild annual forms may be the ancestor of the 
cultivated forms. Africa is thought to be the native home of the culti¬ 
vated sorghums. 

In sorghum, as in cotton, there is considerable natural crossing. 
Complete self-fertilization is readily induced by artificial means and, 
apparently, it does not bring about a reduction in vigor. 

Agricultural Groups and Importance.—On the basis of the foui 
economic characters—production of grain, sugar, forage, and broom 
straw—four agricultural types of sorghums have been developed. These 
are: (1) grain sorghums, (2) sweet sorghums, (3) broom com, and (4) 
grass sorghum (Sudan grass, Tunis grass, etc.). All four groups are used 
for forage to some extent. Seeds of the first three groups are used for 
grain, the sweet sorghums for syrup manufacturing and the broom-com 
panicle for making brooms. In India, Africa, and Manchuria grain 
sorghums are an important source of food for the human inhabitants and 
in Manchuria stalks of the grain sorghum known as kaoliang are used for 
fuel and for making baskets, fuiniture, and mats. 

The sorghums are exceedingly important crops in the southern half 
of the Great Plains area in the United States. In this section the 
sorghums furnish a large portion of the feed for livestock. They are 
adapted to hot and dry conditions where com is not usually succ^sful. 
The drought resistance of sorghum probably is a, result of several factors 
such as the low^ranspiration ratio as shown by Briggs and Shants 

1 An unpublished paper by J. H. Agronomist of the OMee of Cereal Crops 

und Diseases, United States Department of Agriculture, was used freely in this section* 
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(1914) and Miller (1923), the large number of feeding roots per plant 
in proportion to the leaf surface (Miller, 1916), and the faculty of remain¬ 
ing dormant during periods of drought. 

Classification.—The main groups of sorghum and some of the princi¬ 
pal varieties are given in the following diagram taken from Vinall et al. 
(1924): 


Sorghum Groups and Varieties 


Sorghum.... 


Sorgo 


Black Amber 

Red Amber 

Orange 

Sumac 

Honey 

Col man 

Folger 

Gooseneck, etc. 


Grain sorghum 


Grass sorghum 


Broom com... 


Sudan grass 
Tunis grass 
etc. 

Standard 

Dwarf 


r Kafir.. < 


Milo.. 


Feterita 


Durra... 
Kaoliang 


Blackhull 

White 

Red 

Pink 

Dawn (Dwarf Blackhull) 

Sunrise (Early Blackhull) 

f Standard 
Yellow. . s r 
1 Dwarf 

1 Dwarf 
I Standard 

.j Dwarf 

1 Spur 
/ White 

. ) Brown 

f Manchu 

.\ Barchet, etc. 


Shallu 


There are numerous varieties of sorgo differing in height, time of 
maturity, compactness of panicle, and color of glumes and seed. The 
varieties of Black Amber, Red Amber, Orange, and Sumac represent the 
chief types. The grain sorghums belong chiefly to the groups: kafir, 
milo, durra, feterita, and kaoliang. These groups, except feterita, which 
is somewhat similar to the durras, as well as sorgo, the broom corns, and 
the grass sorghums can be distinguished by the following key which is an 
abridgment of one presented by Piper (1924): 


Key to Varieties op Sorghum 

Stems slender (6 millimeters or less); leaves narrow (12 to 30 milli¬ 


meters) .Grass sorghums 

Stems stout (18 to 33 millimeters); leaves broad (40 to 75 millimeters) 

I. Pith juicy 

A, Juice abundant and very sweet.Sorgo 

B. Juice scanty, slightly sweet to subacid, lemmas awnless.Kafir 

n. Pith dry 

A, Panicle lax 

1. Panicle, 4 to 7 decimeters long; branches greatly elon¬ 

gated.Broom corn 

2. Panicle, 2.6 to 4 decimeters long 

а. Panicle conical; branches strongly drooping.Shallu 

б. Panicle oval or obovate; branches spreading. *...Kaoliang 
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B, Panicle compact, 1 to 2.5 decimeters long 

1. Spikelets elliptic-oval or obovate, 2.5 to 3.5 milli¬ 

meters wide; lemmas awned.Kaoliang 

2. Spikelets broadly obovate, 4.5 to 6 millimeters wide 

a. Glumes gray or greenish; lemmas awned or awn¬ 

less; grains strongly flattened.Durra 

b. Glumes brown or black; lemmas awned; grains 

slightly flattened.Milo 


Inheritance Studies. —Sorghum has not received as much attention 
by plant geneticists as its economic importance deserves. As compared 
with corn, the inheritance studies of sorghum have been meager but the 
work that has been reported indicates that the characters of this crop 
are inherited in a manner similar to the inheritance of characters in other 
farm crops. 

Color .—Graham (1916) of India found that the inheritance of color of seed coats 
in certain crosses of sorghum to be dependent upon single-factor differences. Red 
may be allelomorp)hic to yellow or white and likewise yellow may be allelomorphic 
to white. Red is dominant to both yellow and white, and yellow is dominant to white. 
Sometimes when yellow and white are crossed the heterozygote is red and in the next 
generation segregates with a 9 red:3 yellow:4 white ratio. Graham suggests that 
certain of the white seeds are undeveloped reds requiring the presence of yellow 
to cause the development of the red color. Vinall and Cron (1921) crossed Blackhull 
Kafir and Fcterita with bluish-white and reddish-brown seeds, respectively, and 
obtained a 9:7 ratio in F 2 . Conner and Karper (1923) crossed Dwarf Yellow with 
Dwarf Wliite milo and obtained in Fi seeds that were indistinguishable from the 
yellow-seeded parent and in F 2 a ratio of 3 yellow-seeded: 1 white-seeded form. The 
Fi plants of Blackhull X Red Kafir had pale-red seeds and the F 2 plants gave a segre¬ 
gation of 1 red:2 intermediate: 1 white. In Fs the red- and white-seeded forms bred 
true whereas the pale red-seeded plants again segregated. The cross Blackhull X 
Pink Kafir gave similar results with Pink incompletely dominant. Sielinger (1924) 
in crosses between Sunrise and Red Kafir and between White and Red Kafir obtained 
F 2 generations that showed simple raonohybrid segregation with red seed dominant 
to white. In certain other crosses the inheritance of color was somewhat more com¬ 
plex. The following factorial constitutions with respect to seed color were determined: 


Feterita and Blackhull kaoliang. BB 88 rr 

Sunrise and white kafir. hb SS rr 

Red kafir. bb SS RR 


The factor B in the presence of S produces brown in the nucellar tissue; S produces 
color in the epidermal layer and its allelomorph when homozygous prevents the 
formation of brown color in the epidermis; and R is the factor for red color in the 
epidermis. 

In the Fa of the cross feterita X red kafir the following phenotypes were obtained 
in the ratio of brown seed with a brown nucellar layer, 45: white seed with a brown 
nucellar layer, 3: red and pink seed with no brown nucellar layer, 12: white seed with 
no brown nucellar layer, 4. 

Vinall and Cron (1921) reported red glumes dominant over black with a single- 
factor difference. 

Ramathan (1924) has also made a study of color inheritance in sorghum. Red 
pigmentation over the neuters and red color of grains each segregated as monohybrids 
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in the Fi generation. An inhibitory factor which prevented the development of black 
color on the glumes was discovered. 

Character of Stalk .—Hilson (1916) found that a pithy stalk was dominant to a 
sweet stalk and that the inheritance of these characters was controlled by a single¬ 
factor difference. Similar results were obtained in Kansas (Swanson, 1923) in a cross 
between Red Amber and feterita. It was found that the inheritance of a pithy stalk 
was correlated with a clear-white appearance of the midvein of the leaf and a juicy 
stalk was correlated with a dull or cloudy appearance of the midvein. In the above 
mentioned cross not all plants with juicy stalks were saccharine. Pithy stalks, 
compact heads, and white seed—^the combination of characters in the feterita parent 
were found to be linked in inheritance.^ 

Character of Panicle .—In a cross between Kansas Orange and Dwarf Yellow milo 
made at the Kansas Station it was found that the open-panicled type was dominant 
over the compact-panicled type. A total of 306 F 2 plants were classed as follows: 
compact, 31; intermediate, 77; open, 111; and sprangly, 87. The data indicate that 
the inheritance of this character is dependent on several factors. Similar results 
were obtained from a cross between Red Amber and feterita. The F 2 generation 
was classified as follows: very compact, 54; compact, 471; intermediate, 626; open, 
822; and sprangly, 653. 

Kansas Orange has an erect whereas Dwarf Yellow milo has a recurved peduncle. 
In the Fi generation of the above-mentioned cross, the peduncles were more or less 
recurved but in the F 2 generation there were 291 plants with erect and 15 plants with 
recurved peduncles. The fact that recurving is influenced greatly by vigor, i.e., the 
heavier the panicle the greater the tendency for it to become pendant and the further 
fact that the Fi generation of the above cross showed hybrid vigor probably explain 
what appears to be conflicting evidence in regard to the dominance of the erect 
condition. 

Shape of Glume .—Vinall and Cron (1921) studied the inheritance of glume shape in 
a cross between Dwarf milo and feterita. Dwarf milo has broad, truncate glumes, 
whereas feterita has narrow, ovate glumes. The Fi generation showed that the broad, 
truncate glumes were dominant. In F 2 , 187 plants with truncate glumes and 64 plants 
with ovate glumes were obtained. 

Glume Hairs .—Ramathan (1924) found that the production and distribution of 
hairs on the glumes were depended on a number of factors. In general, heavy pubes¬ 
cence behaved as a dominant to the glabrous condition. 

Avms .—The same investigators also studied the inheritance of awn development. 
The glumes of Dwarf milo are awned and those of feterita are not. In F\ the seeds 
were not awned and in F 2 183 plants with awnless seeds and 68 plants with awned 
seeds were obtained. Similar observations were made at the Kansas Station in a 
cross between Kansas Orange and Dwarf Yellow milo. The F 2 generation of this 
cross produced 247 awnless and 62 awned plants. 

Size Characters .—In addition to the inheritance of the quantitative characters 
mentioned above, Graham (1916) has investigated the inheritance of length of glumes. 
Long and short glumes behaved as a simple Mendelian pair with the former dominant. 

In the F 2 generation of a cross between Red Amber and feterita at the Kansas 
Station, 337 plants with small seed, 2,025 with intermediate seed, and 286 with large 
seed were obtained. This sort of segregation is rather typical of the inheritance of a 
size character that is dependent upon several factors for its expression. 

ChLorophyll Deficiencies .—Conner and Karper (1924) have reported chlorophyll 
deficiencies in sorghum similar to those found in maize. The seed of a certain Black- 
hull kafir plant produced green, virescent white, and white seedlings. The seed of 

^ Hie data from the Kansas Station have not been published and were furnished to 
the writers by the courtesy of Prof. L H. Parker. 
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another plant produced 834 green and 222 white seedlings. The factors involved in 
the inheritance of these chlorophyll deficiencies have not yet been determined. 

Resistance to Smut.—There are several smuts which attack the 
sorghums but only two of them are of economic importance in the United 
States. These are covered kernel smut, Sphacelotheca sorghij and head 
smut, Sorosporium reilianum. The former is by far the more prevalent 
and the more destructive. Reed and Melchers (1925) have reported the 
varietal resistance of sorghums grown at several places to covered 
kernel smut. Feterita, four varieties of milo, one variety of kaoliang, 
and some recent introductions of White durra proved highly resistant to 
S. sorghi whereas all the strains of shallu, the sorgos, the kafirs, Brown 
and White durra proved highly susceptible. Sudan grass, three varieties 
of broom corn, and most of the brown kaoliangs showed low or inter¬ 
mediate percentages of infection. The same authors obtained some 
evidence that the sorghums are less susceptible to Sorosporium reilianurn 
than to Sphacelotheca sorghi, Feterita, milo, and broom corn showed no 
infection and the kafirs and kaoliangs only a slight infection to head smut. 

Swanson (1923) studied the resistance to kernel smut (Sphacelo¬ 
theca sorghi) in a cross between feterita and Red Amber at Hays, Kan. 
Feterita was entirely free from smut while the Red Amber produced 
17.6 per cent of smut. Nearly 300 F 2 plants were selected at random 
and were tested in F 3 by the progeny test. There were 214 rows which 
produced some smut and 72 which were smut free which is a close 
approximation of a 3: 1 ratio. The percentage of smut infection was 
highest in the Fz progenies breeding true for pithy stalks which indicates 
a genetic linkage between the characters of the stalk and reaction to smut. 

Breeding Sorghum.—Sorghum belongs to the often cross-pollinated 
group of farm crops and the essential features of breeding it are the same 
as for the self-fertilized group. Sorghum, however, is more frequently 
cross-fertilized than most of the other naturally selfed crops and for this 
reason it is necessary to resort to bagging the panicles, where different 
lines are grown in close proximity to one another. That bagging does 
not inhibit the setting of viable seed is shown by the work of Conner, 
Ball, Ten Eyck, Townsend, and Leidigh, all of whom secured viable seed 
from panicles so protected. Leidigh (1911) credits Conner with the 
statement that ^*a particular strain of Orange sorghum which he grew 
two generations from seed, bagged each year, possessed extraordinary 
vitality and vigor and was remarkably pure and uniform.^' Townsend 
(1909) obtained similar results. Conner and Karper (1924) after six 
or seven generations of self-fertilizing sorghums concluded that inbreeding 
did not cause a reduction or an increase in the size of the head or in pro- 
duotiveness except where it had isolated subvarieties differing from the 
parent family. Inbreeding fixes type and the type may be good or bad 
depending on the particular hereditary complex isolated. 
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One of the ideals sought in sorghum breeding is a form which combines 
the desirable characteristics of a grain and forage sorghum, a form 
which has a juicy stalk and at the same time produces a high yield of 
seed. Some progress has been made along this line. Sunrise, a selection 
developed at the Amarillo Experiment Station in Texas, is to some 
extent a dual-purpose^^ sorghum. Considerable work which has for its 
object the development of this type of sorghum is in progress at the 
Kansas stations. 

Other characteristics, such as resistance to smut, resistance to lodging, 
resistance to drouth, and early maturity, are important in connection 
with improving sorghum The color of seed is also of economic impor¬ 
tance. On the market the yellow-seeded forms command the highest 
price and the brown-seeded forms the lowest. 

Deterioration of improved varieties is brought about largely by 
natural crossing and chance mixing. By means of roguing, chance 
mixtures and crosses are eliminated and varieties are kept in a pure 
condition. The isolated seed plot also is recommended as a correct 
farming practice. 

Some Results of Selection.—Sorghum improvement by breeding has 
been accomplished principally through selection. Dwarf forms have 
occurred in most varieties and have furnished material for the production 
of such varieties as Dwarf milo. Dwarf kafir, etc. These varieties have 
been isolated through selection. Sugar content has also been improved. 
Failyer and Willard conducted selection experiments at the Kansas 
Station from 1884 to 1903. During that time they increased the sugar 
content of the Orange variety from 12.62 to 16.10 per cent. At the 
Delaware Agricultural Experiment Station even more striking results 
were obtained (Neale, 1901). The variety Amber, from which selections 
were made, contained on the average 11 per cent of sugar with a purity 
of 65. One of the selections made from it had a sugar content of 18.2 
per cent with a purity of 81. Dillman (1916), of the United States 
Department of Agriculture, made several selections from Minnesota 
Amber with the object of securing an early maturing, drought-resistant 
strain. One of the selections, Dakota Amber, has proved valuable. It 
is more dwarf in habit of growth than Minnesota Amber and matures 
15 days earlier. It produces excellent forage as well as abundant seed. 
Early dwarf forms, as a rule, are more drought resistant than late ones. 

In addition to the forms mentioned above numerous selections have 
been made among the sorghums grown in what is commonly known as 
the sorghum belt of the United States. There is evidence that some of 
the selections are of hybrid origin due to natural crossing. Among the 
selections that are grown commercially may be mentioned Sunrise, 
Schrock, Dwarf Hegari, Spur feterita, Freed, and Darso. 



CHAPTER XV 


INHERITANCE IN MAIZE 

Maize was the most important bread crop of the American Indians 
and even today is the most important crop in the Western Hemisphere. 
The Indians brought the culture of maize to a high state of advancement 
and developed innumerable varieties. On the foundations made by the 
Indians modern corn breeding has made marked advances, but perhaps 
no North American varieties are so notable as those developed by the 
Incas in Peru. 

Origin and Species.—It is generally believed that Mexico is the origi¬ 
nal home of the maize plant, although there is no absolute proof of this 
(Harshberger, 1897). Zea mays L., belongs to the tribe Maydeae of the 
order Graminese. All varieties of Indian corn are placed in the species 
mays. The nearest relative of maize is teosinte, Euchlcena mexicana 
Schrad. Teosinte and maize cross readily and a natural hybrid between 
these cultivated grasses was described under the name Zea canina by 
Watson (Harshberger, 1904), A study of these crosses led Harshberger 
(1904, 1909) to make the hypothesis that maize originated from a hybrid 
between a sport of Euchlaena and normal teosinte. Montgomery (1906) 
reached the conclusion that maize and teosinte had a common progenitor. 
It was considered likely that the ancestral form of these cultivated grasses 
was a large much-branched grass ^‘each branch being terminated by a 
tassel-like structure bearing hermaphrodite flowers. As evolution pro¬ 
gressed, the lateral branches of maize came to bear only pistillate flowers 
and the central branch staminate flowers. This theory is strengthened 
by the types of inflorescence which frequently appear in maize varieties. 
Often the central spike of the tassel of lateral branches bears seeds, while 
the side branches of the same tassel bear only staminate organs. All 
gradations appear between the normal ear of maize and the staminate 
tassel. It is not uncommon in self-fertilized maize races to obtain plants 
in which the tassel of the main branch bears both male and female 
organs. These various abnormalities tend to support the hypothesis 
outlined by Montgomery. 

Collins (1912) has supported the hypothesis that maize originated as a 
hybrid between teosinte and an unknown grass belonging to the tribe 
Andropogonese. This grass is believed to be somewhat like some varieties 
of pod com (Zea mays tunicata) which produce seeds only in the tassel 
and are in many essential characters strongly contrasted with teosinte. 
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These conclusions have been reached after extensive studies of many 
primitive varieties of maize, teosinte, and hybrids between teosinte and 
maize. Collins especially emphasizes the fact that ^4n practically every 
case where there is pronounced divergence between teosinte and pod corn, 
maize shows characters of an intermediate nature and these characters 
are usually variable.’^ 

Weatherwax (1918) proposes that Zea, Euchlaena, and Tripsacumy 
the three closely related American genera of the tribe Maydeae^ have 
descended independently from a common ancestral form now extinct. 
He disagrees with the prevailing theory of the hybrid origin of maize and 
states that the theory is not in harmony with the facts of morphology. 
Collins and Kempton (19206) have crossed the smallest form of maize, 
Tom Thumb pop, with teosinte and found perfect freedom of recombina¬ 
tion in F 2 , and with one or two exceptions no evidence of simple Mendelian 
ratios. In a study of cnn-ises between maize and teosinte (Kempton, 
1924) in which the recessive plant characters, brachytic, crinkled, and 
ramose, were used, the hybrids segregated in for all three characters. 
Crinkled and ramose appeared in approximately 25 per cent of the 
progeny, as in maize crosses where these characters are concerned, but 
brachytic appeared in only 12 per cent of the progeny. 

Kuwada (1919, abstract by Ikeno, 1920) studied the chromosomes 
of maize. The chromosomes were found to be of two types, long and 
short. Euchlaena has 10-haploid chromosomes which are long, and 
Andropogon has the same haploid number of short chromosomes. These 
data support the theory of the hybrid origin of maize as outlined by 
Collins. Hance (1921) carefully reviewed the studies made by Kuwada 
and expresses doubt whether or not it was possible, by the methods 
which Kuwada used, to prove that the sizes of maize chromosomes were of 
the two definite types characteristic of Andropogon and Euchlaena, respec¬ 
tively. Longley (1924) studied the chromosomes of maize and maize 
relatives. Euchlaena perennisj E, mexicanaj Zea, and Tripsacum were 
found to have 20, 10, 10, and 35 bivalent chromosomes, respectively, at 
diakinesis. Certain strains of sugar corn, notably Black Mexican, were 
found by Kuwada (1919) and Fisk (1925) to differ widely in chromosome 
numbers while Kiesselbach and Peterson (1925) found 10-haploid chromo¬ 
somes in large numbers of counts, which they made in dent com. In a 
paper presented by Randolph at the International Plant Science Congress 
at Ithaca, in 1926, it was emphasized that there was considerable variation 
in chromosome numbers in certain inbred lines of maize. 

Sturtevant (1899) divided the species Zea mays into several groups 
and considered each of specific rank. It is perhaps somewhat question¬ 
able whether any of the groups deserve to be considered as subspecies, the 
plan followed by East (see East and Hayes, 1911), although the method is a 
convenient one. A description of the more important groups is given here. 
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The Pod Corns. —Each kernel of this corn is enclosed in a pod or husks; 
the ear is enclosed in husks as in other groups. The ordinary type of pod 
corn is heterozygous while the homozygous type is highly self-sterile 
and does not produce seed in the lateral inflorescences but in perfect 
flowers in the tassel. 

The Flint Corns.^ —The group comprises those varieties with a starchy 
endosperm in which the soft starch is surrounded by corneous starch. 
The proportions of soft and corneous starch vary considerably in different 
varieties. 

The Pop Corns —In this group there is only a small proportion of soft 
starch in the endosperm and a correspondingly large proportion of corne¬ 
ous starch. Some seeds may be entirely free from soft starch, but there is 
generally some soft starch surrounding the germ. The group is charac¬ 
terized by the small size of its seeds and ears. 

The Dent Corns.^ —The corneous starch in this group is located at the 
sides of the seed and the soft starch extends to the summit. The soft 
starch dries more rapidly than the corneous and this produces the shrink¬ 
age which causes the characteristic indentation of the seed. 

The Flour Corns.^ —This group is recognized by an almost entire 
absence of corneous starch. There is no indentation in some varieties and 
only a slight one in others. The soft-starch content characterizes this 
group. 

The Sweet Corns.^ well-defined species group characterized by 
the translucent, horny appearance of the kernels and their more or less 
crinkled, wrinkled, or shriveled condition.East (1909) presented 
evidence which shows that the sweet corns are dent, flint, or pop varieties 
which have not the ability to mature starch normally. The few starch 
grains produced are small, angular, and imperfect. 

The Waxy Corns. —This group is of Chinese origin (Collins, 1909) and 
is characterized by an endosperm of a waxy nature which results from a 
carbohydrate of a different form than in ordinary starchy maize varieties. 

Inheritance of Characters. —There are 10 pairs of chromosomes in 
maize and large numbers of character pairs which segregate in simple 
Mendelian ratios. The technic of crossing is not difficult and several 
hundred seeds can be obtained from a single pollination. 

As much or more information is available regarding the inheritance 
of special characters as for any other organism except Drosophila. For 
this reason, studies of the genetics of maize are of great importance. 
Extensive breeding studies are under way with the aim of obtaining 

* Stubtevant, BvU. Torrey Botanical Clvh, p. 356, 1894. 

* Stubtevant, BvU. Torrey Botardcal Club, p. 326, 1894. 

*p. 329. 

« im., p. 331. 
p.333. 
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increased yields, greater resistance to insect and fungus attacks, or 
improved agronomic characters. A knowledge of maize genetics has 
aided materially in the development of correct breeding principles. 

Endosperm Characters. —The characters which differentiate most of 
the groups of maize are endosperm characters and, therefore, may under 
certain conditions be immediately modified by cross pollination. The 
word “xenia^^ was first used by Focke (1881) to denote the effect which 
was apparently produced by the action of pollen upon the maternal 
tissue of the seed. The endosperm of maize was cited as a classical 
example of such an effect. After the discovery by Guignard (1899) and 
Nawaschin (1898) that the polar nuclei of the endosperm fuse with the 
second male nucleus of the pollen grain, De Vries (1899), Correns (1899), 
Webber (1900), and Guignard (1899, 1901) saw that this furnished an 
explanation of xenia in maize. From a consideration of inheritance of 
endosperm characters the fv>Jlowing law of xenia may be formulated: 

Xenia may result from crossing varieties which differ in a single 
visible endosperm character. When a character difference is dependent 
upon a single dominant factor, xenia occurs only when the factor is carried 
by the male parent, or, when dominance is incomplete, xenia results when 
either variety is the male. When a character difference is dependent on 
more than one factor, all located in one parent, and dominance appears 
complete, xenia occurs only when these differential factors are located 
in the male; when dominance is incomplete, xenia occurs if the factors 
are located in either parent. When two varieties have a similar character 
or a different character expression but contain between them endosperm 
factors necessary for the production of a new character, xenia occurs when 
either variety is the male. A summary of the mode of inheritance of the 
principal normal endosperm characters, given in the following table, is of 
interest: 



—Summary of Inheritance of Endosperm Characters in Maize 
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Kvakan (1924) doubts whether or not there are two duplicate factors 
for yellow in corn and believes that the 15:1 ratios resulted from a mixture 
of yellow endosperm and brown aleurone seeds. Anderson (19246) 
found no evidence of more than a single dark-yellow endosperm type 
although he did find a pale-yellow endosperm. Hayes and Brewbaker 
(1926) found that there were two yellows of different intensity, one a pale 
yellow and the other darker than pale yellow, which were members 
apparently of the Bn group. As the Y group is independent from the Bn 
group there is some reason to expect 15:1 ratios in certain cases. 



Fig. 48.—Two first year self-fertilized ears of Minn. No. 23 showing the lethal endosperm 

character. 


The inheritance of aleurone color is even more complex than the 
inheritance of yellow endosperm color. The aleurone may be either 
colorless, mottled, red, or purple. Three factors are necessary for the 
production of red aleurone. These Emerson (1918) has called iJ, C, and 
A. In addition to these three factors, Pr, in either the simplex or duplex 
condition, gives purple aleurone. An inhibitory factor which was called 
I was first discovered by East and Hayes (1911). When this is present, 
the aleurone layer is colorless. Races of white corn exist which contain 
some but not all of the factors necessary for the production of aleurone 
color* Certain crosses between white races give colored aleurone. 
With five or six factors involved, it becomes apparent that segregation 
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in certain cases may be in a simple 3:1 ratio, while segregation in other 
crosses may give extremely complex ratios. There are various intensities 
of the purple color in different races. These have been discussed in 
detail by Emerson (1918). Over waxy or floury endosperm a purple 
color in the aleurone layer is of a dull-black appearance. With a varia¬ 
tion in color of the endosperm from white to dark yellow there is a cor¬ 
responding variation in color of the aleurone from purple to brownish 
shades. These differences in aleurone appearance are due to the inherit¬ 
ance of other genetic factors for endosperm characters beside those which 
govern the ability to produce aleurone color. There are some genetic 
differences in aleurone colors which are not related to the underlying 
endosperm characters. Two color patterns have been mentioned by 
Emerson under the names speckled and dark-capped. The color is 
found on the crown of the seed and varies from a mere speck to a large 
spot. Both color patterns are recessive to normal or self-color. Aside 
from these color patterns which are apparent in homozygous races, there 
are mottled colors which are only obtained in the heterozygous condition. 
Emerson has given quite conclusive proof that mottling is associated with 
the Rr factor pair. Apparently endosperms of the constitution RRR or 
RRr are self-colored while Rrr shows mottling. 

The inheritance of an intermediate starchy-sweet (called pseudo- 
starchy) condition, which is often present in some sweet-corn ears, has 
been studied by Jones (1919). Three factors were shown to explain the 
results: (1) a plant factor, A, necessary for complete expression of the 
so-called pseudo-starchy character; (2) an endosperm factor, J5, which 
prevents the characteristic shrinking of sweet seeds; (3) an endosperm 
factor, C, determining opaqueness. C gives complete dominance, while 
A and B give an intermediate condition when heterozygous, and B in 
addition shows a cumulative effect in proportion to the number of factors 
involved. C and c give the greatest differential effect only in the presence 
of the homozygous condition for A and B, From this brief discussion 
it is easy to see that reciprocal crosses between AABBcc X aabbCC will 
not give like results. AABBcc fertilized with aabbCC will give an endo¬ 
sperm condition ABBbcC, while the reciprocal cross will give abbBCc. 
As A is necessary for recognizable expression of pseudo-starchiness, one 
cross will show xenia while its reciprocal will not. As a rule starchy- 
sweet crosses are dependent upon a single factor pair. 

The cross between the waxy variety of Chinese maize and American 
sweet varieties is of interest, as maize with a corneous endosperm was 
obtained in Fi, while in F 2 a ratio of 9 homy:4 sweet:3 waxy seeds was 
obtained. Many starchy-sweet crosses have been studied and as yet 
no case has been obtained which showed more than a single main-factor 
difference. Apparently, the sugary varieties differ by only a dingle 
main factor from the starchy varieties. 
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Reciprocal crosses between flour and flint showed no immediate effect 
of cross-pollination. The ears, however, of the Fi plants showed a 
distinct segregation into flour and flint seeds in a 1:1 ratio. Later genera¬ 
tions showed that the results were most easily explained on the cumu¬ 
lative-factor basis. If a soft flour variety was pollinated by a flint race, 
the endosperm would contain two factors for soft flour, SSy and one for 
flint condition, F, or SSF, The reciprocal cross would be FFS, If two 
factors, FF or S8, are completely dominant over one factor, S or F, 
respectively, there would be no immediate effect of cross-pollination and 
the segregation on Fi ears would be in a 1:1 ratio. Dents crossed with 
flour races give a very similar result, but the seeds are not so easily distin¬ 
guished by inspection. Reciprocal crosses between pop and flour races 
show no immediate effect of pollination with complex segregation on the 
ears of Fi plants. Pure flour and pop forms may be obtained in later 
generations, but the resuhs cannot be explained by a single factor dif¬ 
ference. With the hypothesis that pop and flour corns differ by two or 
more main factors and with each factor behaving in a somewhat similar 
manner as in the flint-flour cross, the difficulty of a correct classification 
by inspection is apparent. 

It is a well-known fact (East, 1909) that certain sweet-corn varieties, 
such as Golden Bantam, differ from flint varieties in only a single factor 
for starch production; other sweet varieties such as StowelFs Evergreen 
are more like dent corns and when pollinated with pollen from starchy 
varieties dent seeds result. Jones (1924a) presents evidence that crosses 
between pop and Cuzco flour corn produce both dent and flint seeds. 
These various results show that new types may be obtained frequently 
by variation due to recombination after crossing. 

Chlorophyll Inheritance.—The larger numbers of chlorophyll varia¬ 
tions which are known to be dependent upon different genetic factors is 
perhaps one of the most interesting features of the studies of maize 
genetics. The chlorophyll abnormalities are of two types, those that 
appear in seedling progenies and those in the mature types. The seedling 
types are frequently lethal. 

Lindstrom (1918) presented an interesting paper upon the mode of 
inheritance of chlorophyll variation which is summarized here in consider¬ 
able detail. Three seedling types were observed: white, virescent white, 
and yellow. The white form is a true albino, apparently lacking chloro- 
plasts. The virescent white appears white at first, but under favorable 
conditions it gradually becomes a yellowish-green color, especially at 
the tips of the leaves. There is considerable variation in the appearance 
of different seedlings of this type but genetically all behave alike. The 
yellow type gives seedlings with a yellow color. Both the white and the 
y^ow seedlings die before maturity. 
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The normal green form behaves as an allelomorph to the various 
seedling abnormalities and contains the three dominant genes, TT, F, 
and L. Counts of the number of normal green plants and the three seed¬ 
ling types obtained from various heterozygous plants are as follows: 

Green. 1,513 White. 665 

Green. 4,297 Virescent white. 1,394 

Green. 1,493 Yellow. 532 

Virescent whites which turned green on maturity were selfed and 

produced a progeny consisting of 717 virescent-white seedlings and 9 
green. The latter were due probably to stray pollen. 

From a study of interrelation of these various factors, Lindstrom has 
concluded that the following phenotypic formulas explain the appearance 
of different sorts of seedlings: 


Gbekn Virkbcknt White Yellow White 

LVW LvW IvW LVw 

IVW IVw Lvw 

Ivw 

In a later paper Lindstrom (1925a) has discoverd another factor 
for yellow which produces yellow seedlings when in the homozygous 
recessive condition and in the presence of TF in the dominant condition. 

These studies have considerable bearing on the present conception of 
inbreeding and cross-breeding as applied to corn improvement. Lind¬ 
strom found, for example, that plants containing the wW combination 
were less vigorous than WW forms. As a rule, SkWw plant produced only 
a single stalk which was easily blown over in a strong wind. 

There are also abnormal chlorophyll types which appear in the mature 
plant. Of these, golden, green-striped, fine-striped, and japonica types 
are simple Mendelian recessives to normal green. In the golden type, 
when a month or more old, the green color begins to disappear. The 
golden type is not very vigorous toward maturity. It produces abundant 
pollen and small ears. The green-striped form appears about 2 months 
after germination. These stripes are uniform in distribution, green and 
lighter areas alternating, and running parallel through the leaf. Mature 
green-striped plants are less vigorous than normal green forms and 
the leaves wilt more severely on hot days. The japonica types are striped 
with green, pale yellow, yellow, and white, and are well known, being 
frequently used for ornamental planting. These forms are more vigorous 
thc^ the golden or green-striped types. There are also fine-striped and 
spotted forms. The spotted forms have not as yet been studied 
thoroughly. 
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Four of the mature-plant chlorophyll types have been found to be 
recessive to the normal green forms. The following genetic factors have 
been used by Lindstrom: 


g —golden type 
st —green striped 
j —japonica 
/—fine striped 

The following summary expresses the factorial condition of these forms 
of chlorophyll abnormality; 


CHLOROPHYLIi TypKH 

Green. 

White. 

Virescent white. 

Yellow. 

Golden. 

Green-striped. 

Japonica white-etriped. 

Japonica yellow-striped. 

Fine striped. 


Chlorophyll Factors 

. . WVLGStJF or WVlGStJF 
.. wVLGStJF 
. . WvLGStJF 
.. WvlGStJF 

. . WVLgStJF or WVlgStJF 
. . WVLGstJF 
.. WVLGStjF 
. . WVlGStjF 
. . WVLGStJf 


As will be pointed out in the list of factors, there are at least eight 
different factors for virescent seedlings and eleven for white seedlings. 
By examining the linkage relations it will be observed that the loci of 
several of these factors has been determined. Certain factors, such as Wi, 
produce white seedlings when recessive. Others, such as and Wq, are 
complementary and both must be recessive and homozygous in order that 
white seedlings may be obtained. Thus and are duplicate genes 
for chlorophyll, either alone leading to the production of chlorophyll. 
If w?6 and We were not linked the progeny of a plant in which both We 
and We are heterozygous would be expected to consist of a ratio of 15 
green seedlings: 1 white. Lindstrom (1924) has presented data regarding 
three factor pairs, WiWi^ W 2 W 2 J WsWs, which are inherited independently. 
All three dominant factors are necessary for the production of chlorophyll 
but a single factor pair, when homozygous and recessive, leads to the 
production of white seedlings. In addition to these types which have 
been mentioned in some detail, there are numerous other types of chloro¬ 
phyll abnormalities which occur both in seedlings and in mature plants. 
The extreme complexity of the inheritance of chlorophyll is of interest 
in relation to the complexity of chlorophyll from a chemical standpoint. 
Apparently, many different loci play a part in the development of 
chlorophyll. 

Linkage in Maize.—Maize has been used extensively in a study of the 
chromosome theory of heredity. Without doubt, as much is known for 
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maize regarding linkage relations as for any other organism except 
Drosophila. Dr. R. A. Emerson of Cornell University has been an 
active leader of the studies of genetics with maize. Other plant-genetics 
departments have also engaged actively in studying the inheritance of 
characters. New characters which can be used in linkage studies are 
being constantly discovered. It is the present purpose to summarize 
the more important genetic factors which have been discovered together 
with their linkage relations and to review briefly the inheritance of those 
characters which are of special interest to the breeder. 

An alphabetic list of some of the more important factors, a brief 
statement of the character concerned and the investigator who described 
the character will be given. In this list the dominant factors are 
capitalized: 

A anthocyanin, general plant color found in aleurone, pericarp, stems, leaves, 
etc. (Emerson, 1918, 19216) 

ad adherent, leaves and tassel adhering (Kempton, 19216) 
an anther ear, semidwarf plant with anthers throughout ear (Emerson and 
Emerson, 1922) 

B “brown,” a plant color factor. One of an allelomorphic series B, B*", 6 
(Emerson, 19216) 

hr brachytic, characterized by shortened intemodes (Kempton, 1920) 
hi blotched leaf (Emerson, 1923) 

Bn Brown aleurone (Kvakan, 1924) 

hv brevis, dwarf plant (Kvakan lists as “unpublished data,” 1924) 

C colored aleurone, complementary to A and R factors (East and Hayes, 
1911; Emerson, 1918) 
cr crinkly leaf (Emerson, 1921a) 

d dwarf plant with anthers throughout ear (Emerson and Emerson, 1922; 
Demerec, 19266) 

dei to dei 4 defective, partial development of endosperm (Jones, 1920; Lindstrom, 
1923c; Mangelsdorf, 1926) 

/ fine-striped leaf (Lindstrom, 1918) 
fl floury endosperm (Hayes and East, 1916) 
gi 92 golden plant color (Lindstrom, 1918; Jenkins, 1926) 
gli to gU glossy seedlings (Brunson, 1926; Kvakan, 1924; Hayes and Brewbaker, 
unpublished) 

gm germless seeds (Demerec, 1923a) 
ga green-striped leaf (Lindstrom, 1918) 

I inhibitor of aleurone color (East and Hayes, 1911) 
in intensifier of red and purple aleurone (Fraser, 1924) 
j japonica-striped leaf (Lindstrom, 1918) 

Zi, U luteus (yellow) seedling. Factors for xanthophyll and carotin pigments 
(Lindstrom, 1918, 1921, 1925a) 

Ig liguleless leaf (Emerson, 1912) 

U lineate leaf (Collins and Kempton, 1920a) 
mi, m 2 yellowish-white seedlings (Stroman, 19246) 

P pericarp and cob color. An allelomorphic series F”", P*^, etc. (Emerson, 
1911) 

p6i to phi piebald seedlings (Demerec, 1926a) 
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Pfifi to pflfs pale-green seedlings (Brunson, 1924; Demerec, 1925) 
pk polka dot leaves (Eyster, 1924c) 

PI purple plant color, develops in local darkness (Emerson, 19216) 
pwi, pm>i primitive sporophyte (Eyster, 1924 g, 6) Mangelsdorf (1926) has found 
several factors for premature germination, i.e., Eyster’s primitive sporphyte 
and lists these as gei to ge 9 . 

Pr purple aleurone (East and Hayes, 1911), in presence oi A, C and R, 

R “red” aleurone, one of the complementary factors {ACR) for aleurone 
color, and also in an allelomorphic series affecting plant colors and peri¬ 
carp: Er, Ro, r’’, etc. (East and Hayes, 1911; Emerson, 1918, 19216) 
m ramosa ear (Gernert, 1912) 

8C scarred endosperm (Eyster, 1922c) 
sh shrunken endosperm (Hutchison, 1921) 
ak silkleas (Jones, 1925) 
am salmon silks (Anderson, 1921) 
au sugary endosperm (East and Hayes, 1911) 

T teopod tassel (Lindstr »m, 192.56) 

tsi to ^ 6*4 tassel seed. Produf“ s only pistillate flowers in the tassel (Emerson, 1920, 
and iinpublLshed data) 

Tu tunicate ear (East and Hayes, 1911; Collins, 1917) 
iwi to twz twisted seedlings (Kvakan, 1925) 

V virescent seedlings (Lindstrom, 1918) 
vi to ^ 6 , Vi virescent seedlings (Demerec, 1924) 
wi to iVi white seedlings (Lindstrom, 1918, 1923a, 1924) 

Wz white seedlings (Stroman, 1924a) 

Wz to wu white seedlings (Demerec, 19236, 19266) 

wl white base leaf characters (Stroman, 19246) 
wx waxy endosperm (Collins, 1909) 

Xni xantha seedlings (Trajkovich, 1924) 

Xui xantha seedlings (Demerec, 1925) 

Yi yellow endosperm (East and Hayes, 1911; Anderson, 19246) 

Yp pale-yellow endosperm (Hayes and Brewbaker, 1926) 

72 yellow endosperm (Hayes and Brewbaker, 1926) 
zg z zigzag culm (Eyster, 1920, 19226) 

Other genetic factors have been discovered and new factor relations 
are constantly being determined. Those given in the list are the more 
important which have been used in studies of linkage relations. A few 
others have been included because of special interest in the characters 
concerned. 

A summary will be given here of the linkage groups and reference will 
be made to the investigator concerned. Crossing-over percentages will 
be given. The chromosome map can be drawn by the student when 
sufficient information is available, in the light of the information here 
given; 



262 


BREEDING CROP PLANTS 


The Group, pfc, C-/, «/i, wx^ vi 


Investigator 

Factors 

concerned 

Crossing-over 

percentage 

Bregger, 1918. 

C-wx 

26.7 

Hutchison, 1921. 

C-ivx 

21.7 

Stadler, 1926, 1926 . 

C^tvx 

17.9-25.9 

Hutchison, 1921, 1922. 

C-sh 

3.1-3.4 

stadler, 1926. 

C-sh 

Male gametes 3 .4 

Stadler, 1926. 

C^sh 

Female gametes 2.3 

Eyster, 1924c. 

C-pk 

2 

Demerec, 1924. 

C-v, 

30 

Hutchison, 1921, 1922. 

I-sh 

3.6- 4.0 

Hutchison, 1922. 

I-^wx 

26.6 

Eyster, 1924c. 

pk-sh 

10 

Demerec, 19266. 

sh-Wii 

22.3 

Hutchison, 1921, 1922. 

sh-wx 

18.3-21.8 

Stadler, 1926. 

shr-wx 

Male gametes 22.1 

Stadler, 1926. 

sh-wx 

Female gametes 20.0 

Demerec, 1924. 

Vi-WX 

7 

Hutchison, 1922. 

C-I 

Closely linked or iden¬ 
tical loci 

Demerec, 19266. 

dz-sh 

22.8 


The Group, /?, pgi, Zi, (Lindstrom), gri, /i 


Investigator 

Factors 

concerned 

Crossing-over 

percentage 

Lindstrom, 1918. 

R-gi 

R-pgi 

R-h 

23 

Brunson, 1924. 

23.3 

Lindstrom, 1918, 1921. 

0 -1.6 

Demerec, 19266. 

R-grrii 

R-l'i 

31.0 

Lindstrom, 1925a. 

33.9-35.4 

Lindstrom, 1918. 

li-gi 

h-df 

ll‘W2 

R-Wz 

pgi-li 

I 

19 

Lindstrom, 1925a... 

Lindstrom, 1925a. 

none 

21.7 

Strom an, 1924a. 

17 

Brunson, 1924. 

44.6 

1_ 



The Group, ««, Tw, <fe, t>8, rfei, wly fl^ei 


Investigator 

Factors 

concerned 

Crossing-over 

percentage 

Jones and Gallastegui, 1919. 

su-Tu 

8.3 

Eyster, 1921, 1922a. 

su-Tu 

28-6-29.6 

Demerec, 1926a...i 

SVrV% 

svrde 

32.4 

Wentz, 1925. 

3*2 

Stroman, 19246. 

StirWl 

25 

Mangelsdorf, 1926. 

su^ei 

3S.5 

Mangelsdorf, 1926....... 

su^ez 

26.0 

Mangelsdorf, 1926... 

40.0 
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The “B” Group, B, Ig, sk, Viy tsi 


Investigator 

Factors 
concerned i 

! 

Crossing-over 

percentage 

Emerson, 1920. 

tsi-B 

20.8 

Emerson, 1920. 

tsi-lg 

45.8 

Emerson, 1920. 

B4g 

29.2 

Emerson, 19216. 

B4g 

30.5-33.4 

Jones, 1925. 

B-sk 

10.5 

Demerec, 1924. 

B-Vi 

16.8 

Dernerec, 1924. 

Ig-Vi 

43.2 


The ‘‘ 7 ’’ Group, Fj, I% ,vm, wi, mi, m2, 


Investigator 

Factors 

concerned 

Crossing-over 

percentage 

Emerson, 192 J 6. 

Yi-Pl 

24.2-30.0 

Anderson, 1921. 

Yi-Pl 

: 29.7 

Anderson, 1921. 

Y i-sm 

; 36.8 

Anderson, 1921. 

Pl-sm 

10.0 

Stroman, 1924a. 

PUw\ 

25 

Stroman, 1924a.| 

Fi-mi 

33 

Stroman, 1924a. 

mi-m2 

33 

Lindstrom, 1924. 


35 

Stroman, 1924a. 


42 

Demerec, 19236. 


24.3 

Demerec, 19236. 

Yi-w, 

24.5 

Demerec, 19236. 


36.9 


The “P” Group, 6r, P, ^82, / 


Investigator 

Factors 

concerned 

Crossing-over 

percentage 

Emerson, 1920. 

t 82 -P 

none 

Anderson and Emerson, 1923. 

tsrP 

1.0 

Anderson and Emerson, 1923. 

P-f 

P4yr 

35 

Kempton, 1921a. 

35.5-38.1 

Kempton, 1922. 

adrhr 

16.8-30.0 



The **A” Group, A-ps 


Investigator 

Factors 

concerned 

Crossing-over 

percentage 

Stroman, 1924a. 

A-t^a 

A-Va 

45 

Demerec, 1924...... 

independent 
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The Group, Bn, ra, gl, p^s, Yp^ Yt 


Investigator 

Factors 

concerned 

Crossing-over 

percentage 

Kvakan, 1924. 

Bn~gl 

Bvr-ra 

Bn-vs 

gl-v& 

Bn-pgi 

Bw-Fp 

Bri-Yi 

18.7-29.4 

38.2 

24.9 

6.2 

4.6 

20.6 

38.5 

Kvakan, 1924. 

Kvakan, 1924. 

Kvakan, 1924. 

Demerec, 1925. 

Hayes and Brewbaker, 1926. 

Hayes and Brewbaker, 1926. 


Besides these definite linkage groups, various other reports of linkage 
relations between certain factors have been made. For the most part 
these are not reported in suflScient detail or they have not been studied in 
relation to known groups so that it is definitely known whether they 
belong to any of the groups which have been differentiated. 

Rather extensive tests have been made which indicate that probably 
these eight groups are independent of each other in inheritance. A brief 
summary of certain results will be made without making literature cita¬ 
tions, Two or more factors of the C group have been found to be inde¬ 
pendent in inheritance of one or more members of the other seven groups. 
Factor R of the R group has been found to be independently inherited 
from one or more factors of other groups and several factors of the R group 
have been found to be independent in inheritance of factors in the su 
and B groups. Factors su and Tu in the su group have been found to 
be independent in inheritance of one or more factors in the F, P, A, 
and Bn groups. Two or more factors of the B group are independent in 
inheritance of factors located in the F, P, A, and Bn groups. Likewise, 
two or more factors of the F group are independent of one or more factors 
located in the P, A, and Bn groups. Two factors of the P group are 
independent in inheritance of factors in the A and Bn groups, and both 
A and va are independent in inheritance of Bn, The group designated 
as A is perhaps not as definitely proved as the other seven groups, and 
the possibility is not precluded that groups which appear separate 
may be found to belong to the same linkage group when more interrela¬ 
tionships have been studied. 

Variability of Crossing Over in Maize.—Emerson and Hutchison 
(1921), Eyster (1922o), and Stadler (1926) have compared the relative 
frequency of crossing over in microsporogenesis and megasporogenesis. 
In the studies the same Fi plants were used to compare the crossing-over 
percentages of male and female gametes. In some cases there were 
significant differences in crossing-over percentages. Stadler found that 
crossing-over percentages were significantly higher in male than in 
female gametes. Crossing-over percentages in xnale and female gametes 
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of the same plants were not found to be correlated. Crossing over in 
female gametes was apparently modified by age of plant or environ¬ 
mental conditions which had no effect upon the male gametes. He also 
found that there was a difference in unrelated families in crossing-over 
percentages in both male and female gametes. 

Selective Fertilization.—In some cases there are slight significant 
deviations from an expected 3:1 ratio which leads to a deficiency of the 
recessive seeds. In studies of plants segregating for the waxy character, 
Brink and MacGiUvray (1924) found that the pollen grains could be 
separated on the basis of their iodine reaction, the one giving the typical 
violet starch reaction and the other staining red. The proportion of 
waxy types was slightly in excess of the starchy, but there was a deficiency 
of waxy seeds in heterozygous ears. It was suggested that the slight 
chemical difference in the r^torage products of the pollen grains might 
cause a differential growth rate of pollen tubes. 

Jones (1920) has observed selective fertilization in com for its own 
pollen. Equal quantities of a plant^s own pollen and of another type 
were mixed and applied to the plant. Characters were used whereby 
it was possible to separate self- and cross-pollinations from each other. 
Jones concluded that there was a ^Mefinite receptiveness of a plant for its 
own poUen and unlikeness instead of favoring fertilization is a hindrance.^^ 
Selective fertilization was also studied in a sweet-pop cross (Jones, 19246). 
It was concluded that there was an interaction between the pollen tube 
and the tissues in which it grows, such that pollen carrying the dominant 
or starchy factor is able to accomplish fertilization better in a sporophyte 
carrying the dominant factor in a homozygous or heterozygous condition 
than pollen carrying the recessive factor. 

Inheritance of Other Endosperm Characters.—There are numerous other endo¬ 
sperm characters. Besides the four aleurone factors there is a factor for intensifica¬ 
tion of aleurone color (Fraser, 1924). Ordinarily red and purple aleurone carries 
this factor in the recessive condition. When the factor is in the dominant condition 
in the presence of Ay C, and i2, light red results and when Pr is present the color is 
light purple. Numerous other hereditary variations in aleurone color have been 
observed but not studied thoroughly. 

Several investigators have described various types of hereditary defective seeds in 
maise which are simple recessives to normal types. Mangelsdorf (1926) has summar¬ 
ized many of these studies and for this reason no attempt will be made to refer to the 
various papers. Shrunken endosperm is the best known of these endosperm defects, 
as it has been extensively used in linkage studies. The number of types of hereditary 
defective seeds is apparently very large. Mangelsdorf has studied 14 defective types, 
each of which results from the homozygous recessive condition of a single factor pair. 
By means of intercrosses it was concluded that dcs and den were identical. Other 
combinations of 14 defectives were studied and the statement was made: A sample of 
14 types was taken at random from the grab bag which constitutes the germplasm of 
mahm and 13 of these proved to be genetically distinct.” 

Mangelsdorf describes brittle endosperm which he found to be inherited as a simple 
Recessive and which was intermediate in appearance between shrunken and sugary. 
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Types of premature germination were also worked with, which Eyster called “primi¬ 
tive sporophyte.’* Four genetically different simple recessives were studied. One 
case of duplicate factors was observed. These abnormal endosperm types well 
illustrate the enormous number of undesirable recessives in maize. 

Colors in Plant Organs.—There is a group of anthocyanin color characters which 
are expressed in one or all of the following organs: cob, pericarp, silk, tassel, t.e., glume, 
and in the leaves and stems. There are several different character expressions of a 
stable nature for this group of color characters. In some cases the color in two or 
more organs may be inherited as if due to a single factor. For example, the color in 
cob and pericarp is often correlated in inheritance. Emerson .(1911) has found a 
case in which the factor for color in the cob behaves as an allelomorph of the factor for 
color in the pericarp. In the illustration given in the following table, Ri represents 
the factor for cob color and R 2 the factor for pericarp color: 

Table LX.— Summary of a Cross in Which a Factor for Cob Color Behaved 
AS AN Allelomorph of a Factor for Color op Pericarp 


Parents 

Ft 

Fi 

Zygotes 

Appearance 

Zygote 

Gametes 

Appearance 

Zygote 

Gametes 

Appearance 

Cob 

Peri¬ 

carp 

RiR\ 

Ri 

Red in cob 

RtRz 

Rx or Ri 

Red cob, red 


Red 

White 






pericarp 




RtRt 

Ri 

Red in peri¬ 





Red 

Red 



carp 





White 

Red 


East and Hayes (1911) have given a case of a cross between two reddish flush pericarp 
colors which developed only under light conditions, which gave a 15: 1 ratio inF 2 . 
This indicates two separately inherited factors. 

There are numerous expressions of colors. Hayes (1917) obtained four pericarp 
colors which bred comparatively true when self-fertilized. These were called solid 
red, in which the pericarp was uniformly red; variegated, in which the color was in 
deep red stripes of various sizes; pattern, in which the color was also in stripes but 
was much lighter in intensity; colorless, lacking color in the pericarp. The factors 
for red, variegated, pattern, and colorless appeared to form a series of multiple allelo¬ 
morphs. The cross between pattern and variegated gave an increase in bud sports 
in Fi, i.e.y ears which produce two sorts of pericarp color sharply differentiated; while 
in F 2 a few solid red ears were obtained and many striped ears. This was presented 
as an instance in heterozygous material in which a change in a character occurred. 
Without attempting an explanation it was pointed out that no such change 
occurred in six generations of selection in self-fertilized families of the red, striped, or 
pattern lines. Emerson (1914a, 1917) has studied the inheritance of these anthocyanin 
colors for several years. To explain the production of solid red in variegated races, 
he supposes a change or mutation in the factor F, for variegated, to S forself-oolor. 
Emerson concluded: 

‘‘These results favor the idea that single allelomorphic factors, rather than two or 
more closely linked factors, are responsible for the color pattern of both glumes and 
pericarp.’* 

The concluding paragraph of Emerson's 1917 paper is directly in line with the 
ideas which have been developed throughout this book. With most plant-breeding 
material of farm crops, there is no evidence for basing a system of plant improvement 
upon mutations, as these are infrequent. With anthocyanin color characters of com, 
inherited changes sometimes occur more frequently and such mutatkms become of 
selection value. This does not invalidate the pme4im conception lor the large num¬ 
ber of cases where factor stalulity is the rule. To quote ftom 
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“The existence of the series of at least nine or ten multiple allelomorphs to which 
variegation belongs, indicates that a factor for pericarp color has mutated several 
times. Some of the factors for this series have not been observed to mutate, while 
others have mutated rarely and still others many times. In fact, the principal differ¬ 
ence between certain of the factors is thought to lie in their relative frequencies of 
mutation.’^ 

Eyster (1924d, 1925) has made extensive studies of mosaic pericarp in maize and 
has suggested that the gene, for such characters as mosaic pericarp, is composed of 
gene elements which through structural rearrangement cause a change in the gene 
constitution. 

Anderson (1924a) has presented a careful studv of a series of cob and pericarp 
color crosses. The factors worked with were considered to belong to the P or peri¬ 
carp series and might be written as P", which are factors, respectively, for red 
pericarp red cob and colorless pericarp rod cob. In 4nderson’s study they are written 
as RR and WR. Anderson's purpose was to determine whether they were allelo¬ 
morphic or whether linkage and crossing over occurred, li WR and RW were not 
allelomorphs then combination types would occur by crossing over and WW and RR 
could be obtained. That is, fr m a cross of red cob, white pericarp X white cob, red 
pericarp, homozygous types which produce red cob, red pericarp and white cob, white 
pericarp could be obtained. 

The following factors were studied: 


Factors 

Pericarp color 

Cob color 

RR 

red 

red 

OR 

light red to orange 

red to orange 

WR 

white to pale orange 

red 

OW 

light orange 

white 

CW 

red or orange, white capped 

white 

CR 

red or orange, white capped 

red 

WW 

white 

white 

VV 

variegated 

variegated 

MO 

variegated, crown patch 

light to white 


There is considerable variation in each of these combinations. In general, color 
is more or less dominant over colorless. The tests for allelomorphism were made by 
crossing two different types and out-crossing the Fi to a WW type. The following 
crosses were made with results obtained: 


CROSBk.S 


EaB.-* OBTAI^TI:D 

(WR X CW) to WW 

1751 WR 

1684 CTF 

(WR X RR) to WW 

1001 WR 

993 RR, 1 VV 

(CW' X RR) to W'W' 

1149 CW' 

1227 RR 

(W'K X VV) to W'W' 

2374 WR 

2246 VV, 70 RR, 16 WW 

(OR X VV) to WW 

773 OR 

712 VV, 26 RR, 4 WW 

(CR X VV) to W'W'* 

714 CR 

683 VV, 14 RR 

(RR X VV) to W'W' 

1399 RR 

1308 VV, 2 WW 

(WR X MO) to W'W' 

1609 WR 

1508 MO, 3 RR 

(OR X MO) to W'W' 

588 OR 

551 MO, 1 RR 

(CW X MO) to W'W' 

1663 CW' 

1572 MO, 5 RR 

(RR X MO) to WW 

173 RR 

174 MO 


1 One eombinatkm type in CR XVV^ was obtained. In one other cross, CW X W 
whidh did not mattire, one combination type ear was observed. 
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Most of the new types (different than the parents) occurred by mutation. “Two 
combination types appeared which may have been due to crossing over or mor* 
probably to stray pollination.'" The ears were frozen before maturity and their prog¬ 
eny could not be further tested. 

The evidence is in favor of allelomorphism because: 

1. Tests have given no clear evidence of crossing over. 

2. In progenies of crosses of different pericarp types, parental types only have 
been observed to breed true. 

3. Inherited somatic mutation is more easily interpreted as resulting from modi¬ 
fications of single genes. 

There are two series of pericarp colors (Anderson and Emerson, 1923): 

1. A series of allelomorphic or closely linked types which are characterized by a 
rather insoluble brick-red or an orange-red pigment. This is the serie:} previously 
discussed and which Anderson concluded belonged to a series of multiple allelomorphs. 
The red series is the result of a combination of the factor P with the aleurone color 
factor A. The phenotypic conditions for pericarp colors in this series are as follows: 
PA, red; Pa, brown; pA, pa, colorless. 

2. Cherry pericarp color, due to the presence in the pericarp of the water-soluble 
purple pigment (anthocyanin) found commonly in sheaths, leaves, anthers, etc. This 
pericarp color results from the interaction of the purple plant color factor PZ, the A 
aleurone factor, and the r®* allelomorph of the R aleurone factor series. The pheno¬ 
typic conditions are PZ A, cherry pericarp; PI a, r®* pZ A, r®^ pZ a, colorless peri¬ 
carp. Other allelomorphs of the R series give colorless pericarp only. 

Studies of silk colors have been made by Anderson (1921) and four types have been 
differentiated: 

Green: Silks green varying from a pale to yellowish green. 

Red: Silks green, except when exposed to light when color may vary from a 
slight trace in the hairs to a dark-red color. The color underneath the husks is some¬ 
times slightly reddish. Color due to the R factor. 

Salmon: Silks light orange to salmon. The color below the husks is the same as 
the exposed part of the silks. 

Brown: Silks orange pink to pale brown. The color forms a series from almost 
green to salmon. 

The salmon color is dependent on a recessive factor, «w, while brown is obtained 
in the presence of A when sm and p are recessive. 

A Sm P, A Sm p, a Sm P, a Sm p = green 
A smP — salmon 
A amp ^ brown 
a am Py a amp = green 


The summary given here is quoted from Lindstrom's paper (19236) and is taken 
from the work of Emerson on plant colors who has made extensive studies of these 
characters in maize. 


Plajjt 

“A B PZP’’purple. 

A B^ PI R^ weak purple. 

A B PI R« purple. 

A B pi R^ sun red. 

A B^ pi Rr weak sun red 

A BjARf Bim red. 

AhPlRi dilute purple.. 
A bPlB^ wtem . 


Anthbbb 

purple 

purple 

green 

pink 

pink 

green 

gram 
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Pl-ANT AntABBS 

AbplR^ dilute sun red. pink 

A b pi Rf green. green 

a B PI brown. green 

a B pi green (or slight brown in sheaths).green 

ah PI green (or slight brown in tassels). green 

abPlr^** green (considerable brown in tassel).green 

ah pi green. green 


“Factor has the same effect on plant color as and the same effect as R<f. 

‘ ‘ When a purple plant that is heterozygous for the three fundamental factors Aa 
Bb PI pi {R^ or r*" rO is self-fertilized, the following trihybrid ratio results: 

“ 27 A B PI —purple stalk, leaves, and tassel : anthers purple 
9 A B pl —^sun-red stalk, leaves, and tassel; anthers pink 
9 Ab PI —dilute purple leaves, and tassel; anthers purple 
3 Ah pl —dilute sun-red leaves and tassel; anthers green 
9 a B Pl —brown stalk, lea^M^b, and tassel; anthers green 
3 a B pl —green stalk, leaves, and tassel; anthers green 
3 a bPl —green stalk, leaves, and tassel; anthers green 
lab pl —^green stalk, leaves, and tassel; anthers green 

“Striking confirmations of this hypothesis are evident when the dilute purple 
(showing surprisingly little purple color) type is crossed with the sun-red type (with 
no purple). The Fi of this cross consists of full purple plants with a great amount of 
pigment. An identical Fi results from a cross of the brown type X the dilute sun 
red, neither parent showing any purple pigment whatsoever." 

Dominant Plant Characters.—Perhaps the most striking is that characteristic of 
the pod group, Collins (1917) presented evidence proving that the ordinary type of 
tunicate or podded maize represents a case of imperfect dominance and is unfixable 
and related to the heterozygous condition. The homozygous, Tu Tu^ type produces 
shorter ears than those of the other types and has sterile spikelets and very long pods 
and the glumes of the tassel are very long. No pollen is shed from such tassels. Seed 
may be produced in the pistillate flowers of the tassel through cross-pollination. In 
the ordinary podded maize or heterozygous condition, Tu tUy each seed is enclosed in a 
short pod, otherwise the plant resembles normal maize. Another interesting type 
has been called Teopod by Lindstrom (19256). It is a simple dominant character over 
normal corn. In this case a multiple dominant gene is responsible for many changes 
in morphological habit including changes in the pistillate and staminate inflorescences. 
It was called Teopod because of the resemblance to teosinte and pod com. 

Recessive Plant Characters.—The number of these is rather large. Several culm 
characters are of interest. In the type called adherent the leaves, bracts, and inflores¬ 
cences adhere to one another in varying degrees. In some extreme cases the leaves of 
the young seedlings adhere. The firm union of upper leaves of more mature plants 
causes startling contortions. Adherence is probably a simple recessive (Kempton, 
19216). Zigzag can be noted only after the plant is nearly mature. Zigzag culm 
tends to dwarf the plant (Eyster, 1920, 19226). It is probably a recessive and 
dependent upon the double recessive condition. Brachytic is characterized 
by great shortening of all intemodes of the plant. It differs from the ordinary dwarf 
in that the size of the plant is not reduced except for the shortening of the intemodes. 
(Kemptpn, 1920, 1921a.) It behaves as a simple recessive character. Dw^rf and 
aathar ear are types characterized by the production of stamens in the ear. Anther 
Mr is a taUer type of dwarf than the dwarf type. Each type is a simple recessive to 
noiwd mA ciMses of the two types give normals in fu ’Dw&rf anther ear, the double 
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recessive, is an extreme dwarf. The factors for these types are independently 
inherited (Emerson and Emerson, 1922). 

Several leaf-character variations have been carefully studied. The type with the 
ligule and auricle absent is a simple recessive (Emerson, 19126) and the factor for the 
character is located in the B group. Crinkled leaf, also described by Emerson (1921a), 
behaves as a simple recessive. 

There are several tassel characters which are simple recessives. Two types called 
“tassel seed” are of interest as they belong to different linkage groups. Both are 
pistillate-flowered types. One originally called “tassel ear” is smaller and weaker 
than normal maize plants of the same line. The vigorous type, ts 2 j belongs to the 
linkage group which also contains 6r, P, /. The smaller, weaker type is called tsi 
and belongs to the group Vi, P, Ig. 

The two most interesting ear characters which are simple recessives are ramose 
(Gemert, 1912) and silkless (Jones, 1925). With the ramose variation the 
normal pistillate ear is replaced by a compound structure resembling the staminate 
inflorescence. This character is linked with Brir-v^-gL Silkless, sk^ produces nor¬ 
mally vigorous tassels, few to no silks, rudimentary ovules, and, therefore, produces no 
seeds. It belongs to the group tsij Va^ B, Ig. 

Some Seed and Ear Characters.—Crosses between dents and flints were studied 
by East and Hayes (1911). There is no immediate visible effect of foreign pollen on 
the endosperm seed characters which separate these subspecies. Segregation occurred 
in P 2 ; some forms were obtained in Ps which bred true to flint habit; some bred true to 
the dent type; while still others showed segregation. Two or more factors were neces¬ 
sary to explain results. The inheritance of the pointed condition of the seed which is 
characteristic of white rice pop was also studied by Hayes and East (1915). It was 
found possible to transfer this pointed condition to the dent subspecies. Results were 
complex and indicated that two or more cumulative factors were involved. 

Size Characters.—Emerson and East (1913) summarized inheritance of size char¬ 
acters of seeds and ears. Weight of seed, seed measurement, number of rows, and 
length and diameter of ear were characters studied. In general, the Pi condition was 
intermediate, and complex segregation occurred in P 2 . The inheritance of height of 
plant, of period of maturity, and of suckering habit was also studied. The fact that 
a considerable series of fairly stable varieties is known which exhibit numerous condi¬ 
tions of the development of particular size characters, is also evidence of a complex 
inheritance. Segregation occurred in P 2 and extracted forms were obtained which 
approached the original parental conditions. Intermediates, as well as extremes, 
sometimes bred true. 

Chemical Composition.—The classical selection experiments of the University of 
Illinois for the purpose of isolating high and low protein, and high and low oil strains, 
are well known. They prove conclusively that strains differing in chemical composi¬ 
tion may be isolated by selection. Table LXI gives the results for 16 years^ selection. 
This information was obtained through the kindness of Profs. L. H. Smith and C. M. 
Woodworth. 

Progress during the latter years of the experiment has not been so rapid as during 
the early years, which is probably because the genetic limit for high and low protein 
and high and low oil production has nearly been obtained. These new strains have 
been named Illinois High Protein, Illinois Low Protein, Illinois High Oil, and Illinois 
Low Oil, respectively. The High and Low Protein strains were crossed with a normal 
Learning variety by Hayes (1913a). The Ft generation of the cross between Low 
Protein and Learning produced approximately the same protein cont^at as Illinois 
Low Protein, while the cross between Learning and Illinois High Protein gave about 
the same protein content in Pi as the normal Learning variety. Results are given in 
Table LXIl 
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Table LXIA.— Results of Selecting Maize for High and for Low Protein 

Content, Respectively 


Average Percentage Protein in Crop Each Generation 


Year 

High 

strain 

Average 
for period 

Low 

strain 

Average 
for period 

Difference 

Difference 
for period 

1896 

10.92 


10.92 




1897 

11.10 


10.55 


0.55 


1898 

11.05 


10.55 


0.50 


1899 

11.46 


9.86 


1.60 


1900 

12.32 

11.37 1 

9,34 

10.24 

2.98 

1.12 

1901 

14.12 


10.04 


4.08 


1902 

12.34 ! 


8.22 


4.12 


1903 

13.04 


8.62 


4.42 


1904 

15.03 


9.27 


5.76 


1905 

14.72 

13.85 

8.57 

8.94 

6.15 

4.91 

1906 

14.26 


8.64 


5.62 


1907 

13.89 


7.32 


6.57 


1908 

13.94 


8.96 


4.98 


1909 

13.41 


7.65 


5.76 


1910 

14.87 

14.07 

8.25 

8.16 

6.62 

5.91 

1911 

13.78 


7.89 


5.89 


1912 

14.48 


8.15 


6.33 


1913 

14.83 


7.71 


7,12 


1914 

15.04 


7.68 


7.36 


1915 

14.53 

14.53 

7.26 

7.74 

7.27 

6.79 

1916 

15.66 


8.68 


6.98 


1917 

14.44 


7.08 


7.36 


1918 

15.48 


7.13 


8.35 


1919 

14.70 


6.46 


8.24 


1920 

14.01 

14.86 

7.54 

7.38 

6.47 

7.48 

1921 

16.66 


9.13 


7,53 


1922 

17.33 


7.41 


9.92 


1923 

16 53 


6.48 


10,05 


1924 

16.60 


8.38 


8.22 


1925 

18.30 

17.08 

7.43 

7.77 

10.87 

9.32 
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Table LXIB. —Result of Selecting Maize for High and for Low Oil Content, 

Respectively 


Average Percentage Oil in Crop Each Generation 
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Table LXII. —Inheritance of Protein in the First-generation Crosses 
BETWEEN Illinois Low Protein and Illinois High Protein and Stadt- 

mueller^s Leaming ' 


Variety 

Number 
of ears 
analyzed 

Variation in 
ears in protein 
content 

Average pro¬ 
tein content, 
dry basis 

Illinois High Protein 

19 

11 95-17 10 

14 87 

Leaming, 1910 seed 

13 

7 75-16 28 i 

11 85 

Fi Cross 

12 

9 25-14 68 

11 85 

Illinois Low Protein 

16 

6 81-11 56 

9 41 

Leaming, 1911 seed 

14 

8 21-15 94 

12 19 

Fi Cross j 

^ i 

7 69-11 86 

9 18 


Self-fertilization seems a logical means of obtaining pure races of 
different chemical compos Uons. Numerous ears should be self-fertilized 
and analyzed. Those that appear of promise may then be used and their 
breeding nature determined by the progeny test. As soon as homozygous 



Fig. 49 . —Two high protein strains of Minn. No. 13 at left and right respectively which 
have been self-fertilized for five years and first generation cross between them in the center. 
The Fi yielded slightly piore than normal Minn. No. 13 and analyzed 2}^ per higher 
in protein content. 


forms containing the desired characters have been isolated, they may be 
used as foundation stock for the production of an improved variety. 
That high-protein races may thus be isolated has been shown by Hayes 
and Garber (1919), East and Jones (1920), and Hayes (1922). 

It was observed in the Miimesota studies that there was a correlation between 
Humber of seeds produced by particular self-fertilized Fi ears of the crosses A, B, 
and ■&, and protein content. Low number of seeds per ear was corr elated with hi^dr 
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protein content. The Fi crosses, A, B, and K, yielded slightly more than normal corn 
and gave 2.5 per cent higher protein content. It is no doubt true, as emphasized by 
East and Jones, that maximum yield of grain and high protein content probably 
cannot be obtained in the same variety. 


Table LXIII. —Protein Content of Selfed Strains of Minnesota 13 and 

Crosses between Them 



Average protein content 

Strain N'o. 

1916 

1917 

1918 

1. 

15.82 

' 14.03 

15.10 

4. 

14.47 

13.06 

14.93 

Normal No. 13. 


10.17 

10.25 

1 X 4 Fi Ear A .1 



12.25 

1 X Ear JS.1 



12.44 

1 X 4Fi Ear K. ! 

1 



12.81 









CHAPTER XVI 


MAIZE BREEDING 

A uniform technic has been developed for the breeder of self-fertilized 
small grain crops. Because of the self-pollination method of reproduction 
it is comparatively easy, by selection, to isolate homozygous lines which, 
if carefully handled, may be expected to remain relatively pure. Crosses 
between two or more varieties, for the purpose of combining within 
a single variety the desirable characters of the parents, have given 
favorable results. The obtaining of homozygous strains containing 
these desirable characters is a direct result of the application of 
Mendelian laws. 

With cross-fertilized crops it is not so easy to control the male parent¬ 
age and, for this reason, the improvement of this class of crops is more 
difficult. Mass selection, individual-plant selection without control of 
pollination, partial control of pollination by elimination of undesirable 
plants, partial space isolation, Fi varietal crosses, and, more recently, 
the method of selection within self-fertilized lines and their recombination 
are some of the more important methods which have been used and are 
being used in corn breeding. A somewhat complete review of previous 
studies with literature citations was made by Richey (1922). Selection 
on the basis of ear characters has been a common practice of the farmer 
and experimental breeder. 

Relation of Ear Characters to Yield. —Com shows have accomplished 
much in teaching growers the characteristics of various standard varieties. 
They have, however, overemphasized the value of ear type as a means 
of com improvement. Much work has been carried on with the view of 
determining the relation between various ear and plant characters and 
ability to give high yields. In general, no single character has been 
found to be so closely related with yielding ability as to be of much 
value from the standpoint of selection. Too close uniformity of type 
probably tends to reduce yield, for it has been learned that self-fertiliza¬ 
tion in com causes a marked decrease in growth vigor as compared 
with cros&^fertilization. 

For the purpose of illustrating the general nature of results in this 
field, the work of Williams and Welton (1915) in Ohio may be used. 
They compared the yields of ears selected on the basis of wide differences 
of ty|>e. In the majority of cases selection was continuous, t.e., long ears 

m 
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from the long strain and short ears from the short strain. Summarized 
results are given in the following table: 


Table LXIV.— Relation between Ear Characters and Yield 


Characters worked with 

Length 
of test, 
years 

Differences in yield, 
bushels 

Long versus short ears 

1 

10 

Long 1 39 

C^ylindrical versus tapering 

9 

Tapering 1 65 

Bare versus filled tips 

8 

Filled 0 34 

Rough versus smooth dent 

7 

Smooth 1 76 

High versus low shelling percentage 1 

6 

Low 0 42 


These differences are very small considering that the yields obtained 
averaged between 60 and 70 bushels per acre. Although continuous 
selection isolated strains which differed considerably from each other, the 
yields were not markedly affected. The progressive change in shelling 
percentage of the progeny given in the following table, was most striking 
and illustrates how com may be modified by selection. 


Table LXV.— Shelling Percentage as Affected by Continuous Selection 


Year 


Shelling percentage in crop harvested 



High 

liOW 

1910 

84 73 

83 67 

1911 

87 30 

84 66 

1912 

85 34 

77.86 

1913 

87 09 

76 93 


The results presented in Table LXIV do not justify the belief that 
selection for ear type is a means of improving yield. Other experiments 
(Olson, ei aL, 1918) have given results of a similar nature. 

Richey and Willier (1925) made a statistical study by means of 
multiple correlation coefficients for the purpose of learning the possible 
relations between productiveness and some physical characteristics of 
the seed ears. It was concluded that from 2.5 to 6.7 per cent of the totid 
vs^tion in yielding ability in the ear-to-row plots was accounted for by 
the ear characters studied. Selection from among good seed ears on the 
basis of ear characters was not believed to be a desirable method of com 
breeding. It was pointed out^ howeveri that selecting heavier 








MAIZE BREEDING 


277 


ears with relatively few rows and wide, thick kernels was desirable as a 
means of obtaining good seed for general planting. 

Garrison and Richey (1925) made a study of the effects of continuous 
selection for ear type. Boone County White (C. I. 119) was used and 
selection made on the following basis: 

Strain No. 1—Rough ears, 8 inches or more long, with 20 or more rows of pinched- 
dented kernels. 

Strain No. 2—Rough ears, 8 inches or more long, with 16 rows of crease- to pinched- 
dented kernels. 

Strain No. 3—Smooth ears, 10 inches or more long, 20 or more rows of dimple- to 
slightly crease-dented kernels. 

Strain No. 4—Smooth ears, 10 inches or more long, with 14 rows of dimple-dented 
kernels. 

Strain No. 5—Smooth ears, 10 inches or more long, with 12 rows of dimple-dented 
kernels 

Strain No. 6—Smooth ears, any length, with 8 rows of dimple-dented kernels. 

This strain originated from a few 8-rowed ears found among those 
in strains Nos. 4 and 5 in 1918. 


Mixed seed from 50 or more ears was planted in a field or plot for each 
type of selection and continuous selection practiced for 8 years. The plots 
were isolated as much as possible and seed ears for the following year 
selected from interior rows only. Data were presented which proved 
that selection rapidly modified number of rows per ear. 

The following statements are taken from Bulletin 1341 of the United 
States Department of Agriculture: 

Without regard to the reason, it is evident that close selection to any type, as 
practiced in these experiments, resulted in decreased productiveness. The most 
productive strain, No. 4, the 14-rowed smooth selection, yielded 8.4 ± 0.20 per cent 
less than C. I. No. 119, and the least productive, No. 3, the 20-rowed smooth selection, 
14.3 ± 0.19 per cent less. The 14-rowed smooth and 16-rowed rough selections, 
Nos. 4 and 2, were more productive and also departed less from the characteristic 
condition of the parent variety than the others. 

In their practical application the experiments indicate that a decrease in vigor 
and productiveness similar to that following inbreeding may result from too close 
selection for a particular kind of ear. Careful experiments have failed to demonstrate 
a marked consistent superiority for any specific kind of ear. Other experiments have 
shown that the yields of crosses between varieties of com frequently are more produc¬ 
tive than the average of the parents, thus indicating that the parent varieties are too 
homozygous to permit maximum yields.^ Just what constitutes too close selection is 
not known. In view of the lack of evicience in favor of any particular kind of ear 
and the abundant evidence of the decreased yields that follow close breeding, how-* 
ever, it seems best to stay on the safe side by avoiding such close selection. 

In view of the lack of evidence of marked consistent superiority for any particular 
kind of ear, it is unfortunate to teach that uniformity among the ears of a variety of 
eom m deshable by attaching importance to uniformity of sample, as is done in corn 
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The studies of Hoffer, Holbert, and others have called attention to the 
stalk, ear, and root-rot diseases of corn. Certain investigators have 
shown that yield and freedom from disease are correlated. In other cases 
the so-called root-rot diseases were apparently of less importance. Winter 
(1925) has summarized several experiments and presents data to prove 
that “careful ear selection eliminates to some extent the necessity of a 
germination test.’’ 

Under certain conditions, selection of some particular ear character 
appears worth while. Thus Kiesselbach (1922) obtained some benefit 
from selection of long, slender, smooth-seed ears as compared with rough 
or with the original seed. It is doubtful, however, whether, under any 
circumstances, continued selection for any particular ear type is desirable. 
Selection in the field from vigorous healthy stalks appears a better pro¬ 
cedure than ear selection and if long slender, smooth ears are desirable, 
field selection will lead to the production of this type. 

Ear-to-row Breeding.—Corn is very largely cross-pollinated; there¬ 
fore, selection under normal conditions considers only the mother plant. 
The ear-to-row method has been considered as the quickest means of 
isolating an improved variety. It was first introduced by Hopkins (1899) 
at the Illinois Experiment Station. As East (1908) pointed out, the 
method has some difficulties which have been partly obviated by improve¬ 
ments in technic. The improvements consisted of replication; z.e., 
duplication of rows from the same ear in different parts of the field and 
of an attempt to overcome the harmful effects of too close inbreeding. 
The method outlined by Williams (1905, 1907) was to plant one-half the 
seed of each ear that was used for the ear-to-row test. The remnants 
of those ears which excelled by the progeny test were planted and the 
progeny intercrossed. Another feature of Williams’ plan was to influ¬ 
ence several breeders to work with the same variety. New blood was 
then introduced into the ear-to-row plot of each breeder every fourth or 
fifth year from a grower who was using the same breeding method. The 
diflSculties of the method are that a yearly plot is needed for the ear-to-row 
test, an isolated plot for the crossing of the remnants, a multiplication 
or seed plot, and the general field. Montgomery (1909) suggested a 
plan which obviates some of these diflSculties. This plan is to grow an 
eaivto-row plot only once in several years, and in the intervening years 
use a bulk seed plot planted by the hill method, selecting only from the 
vigorous stalks in perfect stand hills (see Chap. XXI), A review of the 
literature on ear-to-row breeding seems unnecessary. It seems sufficient 
here to point out that there are no experiments which show conclusively 
that continued ear-to-row breeding may be expected to give a significantly 
higlier jrield than seed produced by the seed-plot method. Ear-to-row 
breeding with a variety that has not been systematically selected is 
doubtless the most rapid means available to the corn farmer for the 
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isolation of better yielding hereditary combinations. As an illustration 
of the sort of results usually obtained, the results of a 5 years^ study as 
carried on at Nebraska Station (Kiesselbach, 1916) are given in the follow¬ 
ing table: 


Table LXVI.— Effect op Ear-to-row Breeding on the Yield op Hogue’s 
Yellow Dent, at the Nebraska Station, 1911-1915 


Description 


Yield in bushels per acre 


1911 

1912 

1913 

1914 

1915 

I Average 

Original Hogue’s Yellow Dent. 

42.6 

1 

51.6 

9 8 

62 8 

79.5 

49 3 

Continuous ear-to-row selection. 

44.0 

i 52.9 

7.7 

65.3 

76.8 

49.3 

Increase from single ear-to-row strain . 
Increase from composite four ear-to- 

38.2 

45.6 

7 3 

1 

56.0 

75 3 

44.3 

row strains. 

42.5 

54.6 

12.1 

63.5 

80.0 

50.5 


These studies with Hogue’s Yellow Dent were started in 1902. 
This variety was selected because of its yielding ability as shown by 
varietal test. Apparently, no method of selection has given very strik¬ 
ingly beneficial results. 

Studies of methods of selection with Rustler White Dent (Hayes and 
Alexander, 1924) were carried on in Minnesota. This variety was 
chosen for the study as it showed considerable deviation in ear type and 
as it had not been selected previously by the ear-to-row method. It had 
the advantage of being adapted to the climatic conditions of central 
Minnesota, which was necessary as the problem was planned as a means 
of learning how best to select seed of an adapted variety. 

The methods used in the Rustler selection test were as follows: as 
far as possible, the field in which each method of selection was carried 
on was separated from other fields of com. The selection was continu¬ 
ous from year to year. The selected seed, for the different methods, was 
stored in a comparable way, except as noted later, and only seed from 
ears which showed high germination ability by actual trial was used for 
planting. The comparable-yield trials for the different methods of 
selection were made on the same field. Three-row plots, each row 
approximately 36 hills long, were used. The central row was used for 
the yield comparison. Three systematically distributed plots were used 
for the yield comparison except in 1920 when four plots were used. The 
methods of selection were as follows: 

1, Selection of good ears at husking. Three seeds were planted in 
each hiU and the corn was cut and shocked when mature. Later in the 
fail the better4ooldng ears were thrown into a pile when the com was 
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husked and reserved for seed. This method was isolated from other 
cornfields. 

2. Selection during seed-com week^ from perfect stand hills and vigor¬ 
ous stalks. Only well-matured ears were chosen but no close selection to 
ear type was made. The ears were stored immediately in a well-venti¬ 
lated room, each ear having individual space for proper curing. The 
lower series on field X was used each year and similarly selected seed 
was used to plant the adjacent series on which silage com was grown. 
This method was isolated from other methods. 

3. As in method 2, except that the selected stalks were shocked and 
the ears husked later in the fall. 

4. Selected as in method 3 in the field during seed-com week. After 
husking, the ears were carefully examined for ear type. Only ears of 
high score-card type were used for planting the following year. Selec¬ 
tion was made for good butts, medium denting, straight rows, cylindrical 
ear, 14- to Ifi-rowed ears, and good ear length. Field C, the manured half¬ 
acre, was used for this method through cooperation with the farm-crops 
section. Some cross-pollination may have occurred between the plants 
on this field and those in the eaivto-row plot, although the fields were a 
considerable distance apart. 

5. This is called Montgomery's method^' because the plan was 
suggested originally by Montgomery. It consists of an ear-to-row test 
the first year, followed by a mixture of seed of the remnants of the 25 
better yielding ears as determined by the ear-to-row test. Approxi¬ 
mately 100 ears were used for the original ear-to-row selection. In 
subsequent years the method pursued was similar to method 3. By 
selecting from that part of the field which was the farthest from the ear- 
to-row plot, the isolation was fairly good. 

6. Williams' method. The purpose of this plan is to isolate high- 
yielding ears by the ear-to-row plan, cross the remnants of the three 
highest-yielding ears the following year, and multiply the crosses in a 
seed plot the following year. The seed plot is considered the place to 
produce commercial seed. The ear to-row, the crossing, and the multi¬ 
plying plots are used each year. The crossing and multiplication plots 
were well isolated from other cornfields. 

From Williams' plan two sorts of seed have been used for the yield 
trials: (1) Fi crossed seed produced by crossing the remnants of the three 
higher-yielding ears, (2) increase plot seed obtained by planting Fi 
crossed seed. Field T was used for this increase through cooperation 
with the farm-crops section. 

Yield trials were made by the use of replicated plots* Eesults are 
presented in the following table: 

i The period set by the Agricnlturid Diviabn for sitetbn seed under 

Md eoaditioius. 
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Tablb LXVII.— Method of Selection of Seed of Rustlee Dent Coen in 

Relation to Yield 


Method of selection 


Yield in bushels per acre 


1920 

1921 

1922 

1923 

Average 

1. At husking. 

50.2 + 1.6 

64.1 + 1.3 

48.9 + 1.3 

54.9 + 1.9 

54.5 + 0.8 

2. Perfect stand hills for yield, 
seed stored immediately.. { 

47.911.5 

64.1 + 1.3 

49.2 + 1.3 

56.5 + 1.9 

54.4+0.8 

3. Perfect stand hills for yield, 
seed cured in shock. 

48.1±1.5 

63.7 + 1.3 

48.9 + 1.3 

56.5 + 1.9 

54.3+0.8 

4. As in method 3 in field, 
selection later for score- 
card type. 

j 

46.6 + 1.4' 

63.7 + 1.3 

47.2 + 1.2* 

55.1+1.9 

53.2+0.7 

5. Montgomery’s method .... 

49.6 + 1.5 

66.0 + 1.3 

49.5 + 1.3 

55.9 + 1.9 

55.2 + 0.8 

6. Williams’ method, Fi 
crossed seed.: 

47.0+1.4 

65.7 + 1.3 

49.1 + 1.3 

60.3+2.1 

55.5 + 0.8 

7. Williams’ method, increase 
plot.' 


60.9 + 1.2 

48.2 + 1.2 

52.3 + 1.8 



The differences are not very great although selection for score-card 
type of ear appeared to cause a slight reduction in yielding ability. By 
the Student'^ method the chances are 37:1 that this reduction is 
significant. 

Smith and Brunson (1925), at Illinois, have studied the value of 
practical methods of corn breeding. In the studies of ear-to-row breed¬ 
ing, special precautions were taken to overcome the harmful effects of 
inbreeding. The conclusion is reached that mass selection was the most 
effective simple method of selecting corn for yield and that ear-to-row 
breeding cannot be recommended as a means of increasing the yielding 
ability of a well-adapted variety. 

Home-grown Seed.—The value of using home-grown seed of a 
variety which has shown its yielding ability by competitive test is well 
known to most com growers. Nebraska results may again be used for 
illustrative purposes. 


Table LXVIII.— Effect of Acclimatization on Coen 


Character of seed 

Yield 

in bushels . 
per acre 

Show com from Illinois, Indiana, and Ohio (6 varieties). 

39.8 

Seed from growers in state (5 varieties)... 

45.6 

T./^cui.l vatiiiitifiit neii.r ex’tienmaiit station 1*7 varieties^.. 

48.8 















282 


BREEDING CROP PLANTS 


The data presented in Table LXVIII show that home-grown seed 
usually yields better than seed brought from a distance. A system of 
broad breeding, the use of a high-yieldmg, adapted vanety, and the 
storage of the seed so that it will germinate vigorously are important 
practices which should be a part of each corn-breeder^s plan. 



Fro 50 —Mmn No 13 self-fertilized high protein strain No 1 This strain has dark green 
leaves, medium eized ears, and the tassels are somewhat scantily provided with pollen 


Inunediate Effect of Crossing on Size of Seed.—The question of 
immediate effect of crossing on size of seed has received considerable 
attention, and Carrier (1919) has considered this a main cause for the 
conflicting results of com experiments. He demonstrated the fact that 
mixtures of seed of different strains gave higher yields than seed of a 
single strain and explained the results on the basis of increased yield 
due to the increased weight of the endosperm of varietal crosses as com- 
pared with normally pollinated seeds within a variety. 
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Other investigations have partially supported Carrier’s contentions. 
Studies of the effect of pollen of a different strain or variety on endosperm 
development are given in the following table: 


Table LXIX. —Immediate Effect of Pollination on Endosperm Weight 


1 

Num¬ 
ber of 
tests 

Number in 
which weight of 
crossed seed 
exceeds that of 
normal seed 

Number in 
which weight of 
normal seed 
exceeds that of i 
crossed seed 

Average per¬ 
centage of in¬ 
crease due to 
immediate effect 
of foreign 
pollination 

Authority 

Method 

5 

5 1 

0 

8 8 

Collins and 
Kempton, 1913 

Mixture of pol¬ 
len of same and 
different variety 

31 

23 

8 

2.8 

Wolf, 1915 

Mixture of pol¬ 
len of same and 
different variety 

2 

2 

0 

19.2 

Jones, 1918 

Selfed strains and 
crosses between 
them 

7 

4 

3 

0.22 

Kiesselbach, 1922 

Plants of ordi¬ 
nary varieties 

4 

4 

0 

11.2 

Kiesselbach, 1922 

Selfed strains and 

crosses 


These results show that there was an immediate effect of pollen on the 
weight of the endosperm of crossed seed compared with that produced 
by intravarietal pollination. In varietal tests, however, as conducted by 
the plot method, the degree of crossing between different varieties would 
not usually be over 50 per cent. Averaging the results of Wolf and of 
Collins and Kempton gives about 5 per cent increase due to crossing. 
Reducing this by one-half gives an error in varietal tests of not more than 
2.5 per cent as a result of increased endosperm development due to the 
immediate effect of foreign pollen. As the studies of Collins and Kempton 
were made with widely different varieties, the results are probably some¬ 
what more striking than if more closely related forms had been used. 

Kiesselbach (1922) observed only slight increases in weight of hybrid 
seeds of normal varieties. The differences obtained by various investiga¬ 
tors apparently are correlated with the differences in the degree of 
heterozygosity of the varieties with which they worked. 

Fi Varietal Crosses.—The utilization of hybrids as a means of obtain¬ 
ing more vigorous types was urged by Beal (1876-1882). Since then 
there has been frequent mention of the vigor of Fi crosses, and Morrow 
and Gardner (1893, 1894) outlined a plan for the production of crossed 
com seed. Renewed interest in this subject was aroused as a result of 
the publications of East (19085) and ShuU (1908, 1909) on the effects of 
inbreeding and cross-breeding, and of Collins (1909,1910) on the value of 
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first generation hybrids in com. Many experiments in which first genera¬ 
tion crosses have been compared with their parents have been made. 
In Table LXX only those varietal crosses are used in which the Fi has 
been compared with both parents. 

Some of the increases from these varietal crosses are very marked. 
In other cases the Fi varietal hybrid is no more vigorous than the normal 
varieties. 

Similar crosses, as reported by Hayes and Olson (1919), were studied 
for the succeeding 5-year period, 1919 to 1923 (Hayes and Alexander, 
1924). During this latter period Minnesota 13, the male parent, was 



Fio. 51.—Minn. No. 13 high protein strain No. 4. Short, erect strain with light green 
leaves. Produces good ears. Tassels are plentifully supplied with pollen. 


selected on the basis of vigorous stalks in perfect-stand hills without selec¬ 
tion for ear type. Prior to this period this strain of Minnesota 13 had been 
closely selected for ear type. On the average, the crosses during the 
last 5-year period yielded about the same as the average of the parents 
although certain crosses of an early flint and Minnesota 13 yielded as 
much as Minnesota 13 and matured earlier. 

Except for some special condition, it appears that Fi varietal crosses 
are of no material value as a means of increasing yielding ability, pro¬ 
vided a broad method of breeding is used by the com breeder without 
too close selection to type. 

Recent Methods of Com Breeding.—^The devdopment of the practice 
of breeding cross-pollinated i:dMit6 by some method of controlled pdlinar 






Table LXX. —First-generation Crosses between Corn Varieties 
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tion has been a gradual one. The method originated as a result of inten¬ 
sive studies of the effects of self-fertilization in cross-pollinated species 
and throughout this study the work with corn has been of fundamental 
importance. The studies which were initiated over 15 years ago by 
Dr. E. M. East at the Connecticut Station by Dr. G. H. Shull at Cold 
Spring Harbor, by various workers of the Bureau of Plant Industry, and 
others, had as their aim the development of a more intensive knowledge of 
the physiology of inheritance of the com plant, with the belief that such 
studies were essential to the development of better methods of breeding. 
In 1910 Dr. Shull emphasized the value of isolating pure lines and of using 
Fi crosses between pure lines for maximum production. He makes the 
significant comment: “I feel quite sure that the results of such investiga¬ 
tions will lead to some hybridization method in the breeding of this crop.” 

The purpose of the newer methods is to enable the breeder to control 
the factors of inheritance. A brief summary of the main steps is given 
here. Numerous plants of a desirable adapted commercial variety are 
self-pollinated. This is accomplished by covering the ear with a paper 
bag before the silks appear. The tassel is covered with a separate bag 
and after the silks are well out the pollen is poured from the tassel bag over 
the silk. The ear is protected from foreign pollen by again covering the 
ear shoot with the bag. The seed for each subsequent generation is 
obtained by self-pollinating plants which seem desirable. Such self- 
fertilized lines rapidly become uniform and remain so as long as self- 
fertilization is continued. By the method used, undesirable germ plasm 
is eliminated and desirable germ plasm made known. No selfed strains 
have been obtained which are as vigorous as normal varieties. Selfed 
strains differ widely from each other. Some of the more important 
differences are: 

1. Resistance or susceptibility to ear, stalk, and root rots and to smut. ^ 

2. Height of plant, length, shape of ear, and ear production per plant. 

3. Size of seed. 

4. Strength of stalk and non-lodging ability. 

6. The number and sort of striking abnormalities present. 

This method allows the breeder to discard strains which are highly 
inferior. The best-appearing strains which approach homozygosity are 
selected for further breeding operations. These can be selected after 
the strains have been selfed for four or more generations. 

There are various questions regarding methods of work which are 
unanswered. It is generally recognized that the importance of obtaining 
the best possible selfed lines warrants extensive studies. Whether or not 
larger numbers of original selfed lines should be used or smaller numbers 
with more extensive selection within each line is not yet known. It also 

‘ See Jones, 1918; Holbert and others, 1924; Garber and Quisenberry, 1926; Hayes 
and others, 1924; and Immer and Christensen, 1926. 
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appears probable that better selfed lines can be obtained by crosses of 
existing lines or from the better Fi hybrids of selfed lines with the view of 
combining within a single line the desirable characters of two or more lines 
(see Jones and Mangelsdorf, 1925, Kyle and Stoneberg, 1925, Haj^es, 
1926; Richey and Mayer, 1925) After obtaining selfed lines the more 
promising are used in making Fi crosses or in developing improved varie 
ties. Three general methods of using selfed lines are being tried out. 



Fig 62 — F\ cross of Minn, self-fertilized strains No 1 X No. 4 


These are: (1) single crosses, (2) double crosses, and (3) synthetic recom¬ 
bination of several selfed strains. 

In the single-cross plan, two selfed strains are crossed and the Fi grown 
as the commercial crop. Certain difficulties are involved in this. The 
low yield of seed which is usually obtained from closely inbred lines will 
result in increased cost of seed production. In many inbred lines the 
sise of seed is smaller than that of the commercial variety from which the 
inbred line was obtained. This results in some handicap for the young 
plant when single’ crosses are used for the commercial crop. With the 
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production of better selfed strains, it is possible that single crosses may 
prove more feasible. 

The double-cross plan, outlined by Jones (1920), overcomes some of 
these difficulties, although, instead of making one cross to obtain commer¬ 
cial seed, three crosses must be made. A double cross is a first-generation 
cross between two single crosses. Four selfed strains which combine well 
together are used. The double-cross plan has the advantage that vigor¬ 
ous Fi crosses are used as parents. The variability of the individual 
plants of a double cross will be greater than in a single cross. This will 
result in a prolonged period of pollination which, under certain environ¬ 
mental conditions, is an advantage. 

If either the single- or double-cross plan is used, Fi seed must be 
produced each year, as the selection of seed from Fi crosses leads to marked 
reductions in yielding ability in later generations. 

The production of improved varieties synthetically, by a cross of 
several selfed lines and subsequent selection, aims at the improvement of 
the variety without the necessity of making an Fi cross each year. It 
appears probable, however, that it will be very difficult to obtain a variety 
which will be as vigorous as certain Fi crosses. When a single character, 
such as disease resistance, is of outstanding importance, the plan appears 
a very desirable one. 

There is also the possibility that Fi crosses of synthetic varieties can 
be used, providing the Fi cross proves to be the general method which is 
adopted for seed production. 

Single and Double Crosses of Selfed Lines. —A double cross, known 
as Burr-Learning, has received wide publicity because of its yielding 
ability. This double cross was compared by Jones with the five highest- 
yielding varieties which were obtained after extensive studies of com 
varieties in Connecticut (Table LXXI). The average increase in bushels 
of ear com of the Burr-Learning over the average of the five varieties 
was 27.1 per cent for a 5-year period. 

Table LXXI.— A Compakison of the Yields w Bushels per Acre Obtained prom 
THE Double-cross Burr-Leamino, with the Average Yields Obtained 

FROM THE Five Highest-yielding Varieties {Connecticut Station^ after 

Jones) 




Year grown 



Varieties compared 

1918 

bushels 

1919 

bushels 

1920 

bushels 

1921 

bushels 

1922 

bushels 

Average 

Double-cross Burr-Learn¬ 
ing. 

lie 

88 

55 

95 1 

63 

83.4 

Average of five highest- 
yielding varieties.___ 

82 

64 

47 

1 

81 

54 

65.6 

Average increase, 27.1. 




4 

\ 
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Extensive studies are now under way at Connecticut Station in which 
selfed lines from the better Connecticut varieties are being used. One 
double cross, studied in 1924 by Jones, indicates that large increases in 
yields may be expected (Table LXXII). 

In this case, an Fi cross of two inbred Century Dent strains was crossed 
reciprocally with an Fi of two Learning strains and the yields of the double 
crosses were compared with those obtained from Century Dent and 
Learning. These studies are of interest, for Century Dent and Learning 
are two of the best Connecticut varieties. The double cross, Century 
Fi X Learning Fi, exceeded the higher-yielding variety by 21.6 per cent 
and the reciprocal yielded 37.4 per cent more than the higher-yielding 
variety. 

Table LXXII. —A Comparison of the Yields in Bushels per Acre from Century 


Dent, Beardsley’s Beaming, and a Double Cross Obtained from Two 
Inbred Strains of Centt ry Dent by Two Inbred Strains of Beaming 
(ConnectioiU Station^ after Jones’ 1924 residis) 


Variety or cross 

Plot 1, 

' bushels 

1 

Plot 2, 
bushels 

Average, 

bushels 

1 

Percentage 
yield, 
Century 
as 100 

Century.! 

46.6 

1 

50 6 

48.6 

100.0 

Beaming. 1 

36.1 

51 1 

43.6 

89.7 

Century Fi X Beaming Fi . 

63.1 

70.6 

66.8 

137.4 

Beaming Fi X Century Fi . 

51.1 

67.1 

i 

59.1 

121.6 


Several years ago, Richey reported the production of a high-yielding 
Fi hybrid of Whatley X St. Charles White which appeared superior to 
any commercial variety grown in the region in which the study was made. 
Selfed lines were isolated from the F 2 generation and selections made within 
these hnes for 6 years. Crosses between these selfed lines were grown at 
Knoxville, Tenn., in 1922 and 1923. The studies were made by the hill- 
check plan. Certain crosses were of much promise, while others were of 
little value. This brings out the fact, recognized by most investigators 
of modem methods of com breeding, that the present-day methods 
are primarily those of controlled selection. The combination of selfed 
lines which together contain the greatest number of favorable growth 
factors is the ultimate aim. Three of the better-producing crosses 
reported by Richey and Mayer averaged 30 per cent higher in yield than 
the parent variety. 

Extensive studies are being carried on in Nebraska by Kiesselbach 
(1922). The results of a 4-year trial of several single crosses in comparison 
with the original variety have been reported (Table LXXIII), The 
highest-yielding cross produced 53.2 bushels as an average for the 4 years, 
while the original variety averaged 41.2 bushels. This cross exceeded 
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the yield of the original variety each of the 4 years, although in 1 year the 
difference was well within the limits of experimental error. The eight 
crosses for which data are presented exceeded the original variety in 
bushels of shelled corn by an average of 17.2 per cent. In Nebraska, 
selfed strains with low leaf area yielded more than strains with high leaf 
area and crosses between strains with low leaf area were the most 
promising. 


Table LXXIII.— Comparison of Yields in Bushels per Acre of Fi Crosses 
BETWEEN Selfed Strains with the Original Variety from Which the 
Selfed Lines Were Obtained (Nebraska Station, after Kiesselbach, 1922) 


Cross or variety 

Bushels per acre of shelled 

corn 

Average 

1913 

1915 

1916 

j 1917 

4 X 12 

22 0 

61.9 

38.8 

60.6 

45.8 

4 X 1 

26.8 

64 8 

53.2 

41.6 

46.6 

12 X 5 

22.8 

69.5 

44 6 

48.5 

46.4 

8X2 

20.1 

71 3 

66.2 

51.9 

52.4 

12 X 2 

21.9 

73.6 

58.0 

59.4 

53.2 

10 X 12 

22 7 

57 9 

51.5 

53.6 

46.4 

10 X 5 

24.2 

61 0 

43.3 

51.0 

44.9 

Average. 

23 3 

66 9 

51.7 

59.3 

48.3 

Original. 

11.4 

1 73.1 

34.5 

46.0 

41.2 


Results of corn-yield contests conducted by the Iowa Corn and Small 
Grain Growers^ Association in 1924 have aided materially in proving the 
high-yielding ability of certain crosses. The data here summarized were 
taken from the report of the 1924 tests. H. A. Wallace, an enthusiastic 
supporter of the modem methods of corn breeding, has furnished data 
regarding these contests and other studies which he is conducting. The 
results of the contest in 1924 for the South Central Section, where several 
crosses were entered, are summarized in the following table: 


Table LXXIV.— Yields in Bushels per Acre of Winners and Source of Seed 
IN 1924 (Data from Iowa Corn-yield Contests, summarized by Wallace) 


Cross or variety 

Place 

taken 

Yield in 
bushels 

Cross of inbred strains, U. S. D. A. 

Cross of inbred strains of Wallace. 

First 

Second 

61.3 

45.1 

A cross of two strains of Learning... 

Third 

41.2 

Leaming 1—6 X Illinois Low Protein... 

Fourth 

40.3 

Chinese Bloody Butcher inbred strain X Illinois Low Protein 
Commercial Reid’s Yellow, Highest yielder. 

Fifth 

1 .. 

40.2 

3$.l 

Average yield of four crosses, inbred strains involved. 


44.2 

Reid’s Yellow Dent, average yield of 34 strains. 


34.5 
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The five highest-yielding sorts were Fi crosses and, in four cases, an 
inbred strain was used as one or both of the parents. The highest yield, 
51.3 bushels per acre, was obtained from a cross entered by the United 
States Department of Agriculture, while the highest-yielding commercial 
variety, a strain of Reid^s Yellow Dent, produced 39.1 bushels per acre. 
The average yield of four crosses in which inbred strains were involved 
was 44.2 bushels, while the average yield of the 34 strains of Reid’s Yellow 
Dent entered in the contest was 34.5 bushels. Mr. Wallace is conducting 
extensive tests at Ames in cooperation with H. D. Hughes and reports 
that many of these crosses have yielded much more than the standard 
variety with which they hav^e been compared. 

Professor Hughes^ made the following statement in a recent letter: 

From the results secured thus far, it is entirely evident that decidedly better 
yields can be secured from hybridiising pure lines than can be had from the best 
standard varieties of which wc know. The data would also indicate that exten¬ 
sive ear-row breeding with subsequent crossing of the best lines even when car¬ 
ried through a long period of years cannot be expected to give the results to be 
had from the production of pure lines and the use of Fi seed. 

Crosses in which selfed strains were used have been grown at Univer¬ 
sity Farm, St. Paul, Minn., for several years. Rather extensive field-plot 
trials of double crosses were made in 1924 and 1925. During these two 
seasons the selfed lines used were isolated previously from standard 
high-yielding Minnesota varieties. Two such varieties recognized as 
standard for central Minnesota (Minn. 13) and Rustler White Dent, 
have been grown at University Farm for many years, the seed being 
selected in the field from perfect-stand hills and from vigorous healthy 
stalks. Close selection to score-card type of ear has not been practiced in 
recent years. Seed for three other varieties has been purchased yearly 
from Northrup King Seed Company and represents the better selections 
for these varieties. 

The selfed strains used for the crosses were picked out on the basis 
of yield and the absence of striking abnormalities. Each Fi cross was 
made by crossing two selfed strains within a variety which appeared 
unlike each other and the double crosses of these Fi crosses were made at 
random. It is recognized that it would be more desirable to determine 
the strains which would combine to produce the better-yielding crosses' 
this method is being tried out. In the meantime, however, it appeared of 
interest to see what the results would be from combining on the basis of 
observable characters alone. The results for the two crop seasons are 
presented in Table LXXV. 

In 1924, of a total of 21 double crosses tested, 3 yielded less than the 
higher-yielding commercial variety. One double cross exceeded the 

1 Letter of Nov. 12, 1925, from Professor Hughes to the writer. 
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better commercial variety by 30 per cent. The seven double crosses, 
in which dent inbred strains were used, yielded 13 per cent more on the 
average than the better variety, while 12 flint-dent crosses averaged 9 
per cent more than the better variety. Of two flint double crosses one 
gave a low yield and the other yielded rather well. The results in 1925 
were similar and certainly indicate that double crosses in which desirable¬ 
appearing selfed lines are used may be expected to yield more than the 
present standard varieties. 

Table LXXV.— Percentage Yield of Double Crosses Obtained by Crossing 
Fy Crosses between Selfed Lines Where 100 Is Taken as the Yield of the 
Higher-yielding Standard Variety (University Farm^ St, Paul, Minn,, 

1924-1925) 


Crosses, 1924 

Percentage yield classes 

Num¬ 

ber 

of 

crosses 

Average 

percent¬ 

age 

yield 

70 

95 

100 

105 

110 

115 

120 

125 

130 

Dent crosses. 



1 

2 

1 

1 


1 

f 1 

7 

113.3 

Flint-dent crosses. 


2 


3 

2 

3 

1 

1 


12 

109.4 

Flint crosses. 

1 






1 

I 


2 

95 5 


Crosses, 1925 

Percentage yield classes 

Num¬ 

ber 

of 

crosses 

Average 

percent¬ 

age 

yield 

85 

90 

95 

100 

105 

no 

115 

120 

125 

130 

Dent crosses. 



H 

2 

II 

B 


H 

B 

B 

9 

mm 

Flint-dent crosses 


• « 

■ 

1 


H 


B 

B 

B 



Flint crosses. 

1 


B 


H 

■ 


B 

B 

■ 


■a 


Synthetic Combination of Several Selfed Lines.—The production of 
improved varieties through the recombination of several selfed strains 
has one advantage over either the single- or double-cross plan in that 
the farmer can save his own seed from the yearly crop and that yearly 
crosses need not be made. Little data regarding the value of this method 
are available. 

At University Farm several recombinations of selfed strains within a 
variety were made in 1923 and the recombinations were compared with 
commercial varieties in 1926. 

The methods used were as follows: Selfed strains were selected which 
appeared superior to the average and which were free from striking 
abnormalities. The recombination of selfed strains was obtained by 
pollinating several plants of each strain of a variety with a mixture <& 
pollen from other strains of the same variety. An equal number of seeds 
from each such cross of each strain was bulked and i:toted the following 
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year. Seed for later generations within each recombination was obtained 
by pollinating 50 plants with a mixture of pollen of 50 other plants. 
The same results could be obtained by mixing seed of all selfed strains to 
be used and by planting them in an isolated plot. Several years would be 
necessary to obtain thorough recombination. The comparisons of 
yielding ability of the standard varieties and of the recombinations 
are given in the following table. According to genetic theory, yields in 
later segregating generations should be as good as in F 2 . 


Table LXXVI.—Yield of Synthetic Varieties Compared with Commercial 
Varieties {University Farm^ St. Paulj Minn., 1925) 


Variety 

Strains used for 
recombination 

Yield 

bushels 

per 

acre 

Per cent 
increase 

or 

decrease 

1 'Tears 

j selfed 

1 

1 Number 

Minn. 13. 

! ^ 1 

1 

1 


51.3 


Minn. 13 F^i recombination . 

1 

1 5 ' 

1 




3 

3 

i 

45 3 

-11.7 


8 

1 1 

1 



Rustler. 




44 8 


Rustler F>i recombination. 

1 

2' 

[ 




2 

3 

7 

i 

1 

47 5 

+ 6.0 


4 

^ J 




Northwestern Dent. 




51 9 


Northwestern Dent Ft recombination 

1 

3 

8/ 

60.5 

+ 16.6 

King Phillip. 




40.3 


King Phillip Fi recombination. 

3 

11 


43.3 

+ 7.4 

Longfellow. 




43.9 


Longfellow Fi recombination. 

3 

8 


40 1 

- 8.7 


For the five comparisons there were three F 2 recombination families 
which yielded more than the standard variety and two which yielded less. 
The Northwestern Dent F^ recombination yielded 16.6 per cent more than 
commercial Northwestern Dent and appeared superior to Northwestern 
Dent in the field. 

It is recognized that, before recombining selfed lines for the purpose 
of producing improved varieties, it is necessary to determine the yielding 
ability of all Fi combinations. Selfed lines which combine favorably with 
ail others that are to be used should then be used for the recombinations. 

What ajie the Possibilities of the Newer Methods?—^Further exten¬ 
sive studies are necessary and are being conducted cooperatively by the 
Com Belt stations and in other sections. A comprehensive plan of 
corr improvement has been drawn up with the view of further intensive 
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study of the physiology and genetics of the corn plant. By the applica¬ 
tion of such knowledge it should be possible to produce results which by 
the older methods could not be obtained. Harmful diseases such as root, 
ear, and stalk rots and smut can be controlled by producing resistant 
varieties. Considerable data are available to prove that selfed lines 



Fio. 53.—Average yields of 4 self-fertilised com strains above; Fi crosses in the center; 
the double cross below. {After Jones.) 

and hybrids differ markedly in their reaction to particular conditions 
(Dickson and Holbert, 1926; Hoffer, 1926; Kiesselbach, 1926). The 
production of varieties or Fi hybrids which excel in particular characters 
and which are adapted to particular soil and climatic conditions will 
result from a knowledge of the manner of reaction of selfed lines to partic¬ 
ular conditions. 









CHAPTER XVII 


GRASSES, CLOVER, AND ALFALFA 

The importance of hay crops in the world's agriculture makes desirable 
their consideration from the standpoint of improvement by breeding. 
Grasses, clover, and alfalfa differ strikingly in amount of seed set when 
artificially self-pollinated (see Chap. V). Red clover (Trifolium pratense) 
is rather highly self-sterile; white clover {Trifolium repens) sets few seeds 
when protected from insect pollination; timothy (Phleum pratense) 
contains both self-sterile and self-fertile lines; and brome grass (Bromus 
inermis) under a bag sets seed abundantly. Although common alfalfa 
{Medicago saliva) and yellow alfalfa (M. falcata) cross freely, seed of 
either may be produced by selfing. Enough examples have been cited 
to show that there are not only differences in the modes of pollination in 
the three mentioned classes of hay crops but also differences within each 
class. Carefully controlled experiments with grasses to determine the 
percentage of naturally crossed and naturally self-fertilized seed are very 
limited. When self-sterility is not a limiting factor, the methods of 
breeding all these crops are essentially alike. The ease with which some 
of them may be clonally reproduced has led to slight modifications in 
breeding technic. In the following brief discussion, the aim has been 
to choose a few examples rather than to enter into an exhaustive treat¬ 
ment of the entire field. 


GRASSES 

Timothy ranks far ahead of the other grasses in importance. Some 
of the other hay grasses which may be mentioned are orchard grass 
{Dactylis glomerata)^ tall oat-grass {Arrhenatherum elatius)^ and brome 
grass {Bromus inermis). These three grasses are adapted to certain 
conditions better than timothy is. Some important pasture grasses are 
Kentucky bluegrass {Poa prcdensis), Canada bluegrass {Poa compressa), 
and redtop {Agrostis alba). 

The variability (see Fig. 54) of each of the different species of grasses 
presents a wealth of material for breeding purposes. Moreover, the 
fact that many of them may be conveniently propagated as clones 
facilitates a study of the value of individual plant selections. The 
hereditary constancy of forms so isolated may be tested by selfing or by 
adopting methods which insure close breeding. 

295 



296 


BREEDING CROP PLANTS 


Breeding Timothy.—The United States Department of Agriculture 
has carried on extensive experiments in timothy breeding at New London 
and North Ridgeville, Ohio. As a result of breeding, two improved 
varieties have been widely distributed through the Ohio Experiment 
Station. The Cornell and Svalof Experiment Stations have done con¬ 
siderable timothy breeding 



Fio 54. —Individual timothy plants grown under like conditions. The upper plants 
are undesirable, one having weak stems and the other lacking vigor. The lower plants are 
more desirable. They differ in density of plant and number of culms {Courtesy of Myers ) 

Webber et al. (1912) published a detailed report of the experiments as 
carried on at Cornell. Samples of timothy seed were procured from 
various sources in the United States, Canada, and other countries. This 
seed produced an abundance of different forms from which selections 

Fig 55.—Flowers of timothy. 

1. Spike. 

2. Floret—a, anther, 6, filament; c, branched stigma; d, style; e, ovary;/, outer glume. 

*3. Outer glume. 

4. o, feathery stigma; b, style; c, ovary. 

5. Spikelet ehowmg a, palea; 5, fioral glume. {After BetU after Triniue and Scribner*) 

Siie: 1, 2, 80n; 3, 4, 5, greatly enlarged. 
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were made. Individual plants were selected on the basis of the following 
characters: 

1. High-yielding ability. 

2. Height. 

3. Broad and thick plants, which stool abundantly. 

4. Many and dense culms. 

5. Erect, non-lodging plants. 

6. Many large leaves 

7. Leaves extending well toward the top of the plant. 

8. Leaves remaining green until plant is nearly ready to harvest, 

9. Rust resistance. 

10. Spikes of medium size, setting seed freely. 

The ultimate aim was to produce a high-yielding variety. A selected 
plant was dug up and vegetatively propagated by separating bulblets 
from it. The bulblets were set out in rows (16 to 24 per row) and allowed 
plenty of space for individual development. Self-fertilized seed from 
these various clones was planted in sterilized soil and the seedlings were 
transplanted in rows as above. By a comparison of these rows and the 
respective clones from which they came it was found whether they were 
breeding true for the characters desired. When sufficient seed was 
available, plots were sown broadcast and yields obtained. As soon a 
form appeared valuable and bred comparatively true, it was isolated and 
increased. 

According to Webber, self-fertilized seed may be produced by placing 
several spikes of the same plant, just before blooming, under a paper bag. 
Another method is sometimes used in clonally propagated rows. Each 
row is surrounded by a fence about 10 feet high made of finely woven 
cloth. This method does not prevent some cross-pollination but it does 
bring about a high degree of inbreeding. A tall growing crop, such as 
rye, surrounding isolated plots prevents pollination with undesirable 
strains or varieties. 

Witte (1922) obtained seed from timothy spikes isolated under 
parchment bags. At the Minnesota Experiment Station considerable 
variation in amount of seed set among self-pollinated plants was found. 
That this variation had a genetic basis was shown by the high correla¬ 
tion (r = +0.820 ± 0.033) obtained between the amount of selfed seed 
set on individual plants in 1923 and the amount of selfed seed set on 
several plants of the respective progenies grown in 1924. 

It has been pointed out by Hayes and Clark (1925) and by McRostie 
(1924) that self-fertilization in timothy does not lead to as great a reduc¬ 
tion in vigor as has been observed in maize. Some selfed lines yielded 
less and others considerably more than the average of the commercial 
variety. Abnormalities have been reported among the progeny of self- 
fertilized individuals and, therefore, it seems that self-fertilization in 
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timothy as in corn is a logical means of eliminating undesirable characters 
and obtaining strains which excel in such important characters as 3 delding 
ability and disease resistance. 

As would be expected in dealing with a heterozygous crop, the self- 
fertilized seed of isolated clones produce plants which show considerable 
difference in their inheritance. Some clones breed fairly true when 
reproduced by selfed seed, others do not. The following table, taken 
.. from Webber et ah (1912), illustrates the transmission of yielding ability 
in some clones. 


Table LXXVII.— Transmission of Yield in Timothy by Clonal and Seed 

Propagation 


Number of 
original 
plant 

Plot No. 

Average' yield per plant 
of mother by clonal 
propagation, ounces 

Plot No. 

Average yield per plant 
of progeny by self- 
fertilized seed propaga¬ 
tion, ounces 

Light-yielding Plants 

12.07 

1,797 

1.005 

3,216 

2 121 

9.03 

1,713 

1.830 

3,109 

3 364 

104.30 

1,794 

1.982 

3,213 

4.071 

191.19 

1,785 

2.283 

3,142 

3.143 

811.02 

1,728 

2.542 

3,166 

1.925 

128.19 

1,799 

2.462 

3,217 

0.966 

211.31 

1,792 

2.806 

3,211 

1.905 

212.36 

1,653 

2.811 

3,143 

4.140 

8.04 

3,011 

2.941 

1,959 

3.714 

107.30 

3,033 

3,158 

1,960 

1.182 

Heavy-yielding Plants 

271.26 

1,660 

13.521 

3,152 

11.455 

887.10 

1,620 

13.783 

1,905 

7.600 

875.30 

1,752 

13.811 

3,182 

7.915 

224.15 

1,619 

14.133 

1,904 

9.000 

860.30 

1,744 

14.517 

1,934 

7.636 

820.27 

1,740 

15.587 

3,206 

10.844 

860.25 

1,743 

16.970 

1,931 

9.428 

889.31 

3,189 

16.000 

3,190 

9.043 

245.28 

1,796 

16.308 

3,215 

9.457 

37.31 

1,630 

20.274 

3,122 

7.636 


The practical results which have been attained by this method of 
breeding are brought out in the following table, also taken from Webber 
ei id- 
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Table LXXVIII. —^Summary, Showing Yield of Field-dry Hay 



Yield in pounds per acre 

i 

1910 

1911 

Average yield of 17 new varieties 

7,461 

7,163 

Average yield of 7 checks 

6,600 

4,091 

Actual average increase 

851 

3,062 


The season of 1911 was particularly unfavorable for the growth of 
timothy. The new varieties gave a greater increase that year than in 
the preceding and more favorable one. Webber et al. attribute this 
difference partly to the rust resistance of the new strains. 



Fig. 56.—View of vegetatively propagated row plots of timotliy. Each plot is propa¬ 
gated from a single, original plant. Note that the two central plots are comparatively late 
in maturity; also note differences between these two strains, one having erect culms and 
heads, the other having somewhat spreading culms and long, loose heads. (Courte&y of 
Piper,) 


The method of breeding timothy at Svaldf as reported by Witte (1919) 
is not essentially different from t^t practiced at Cornell. Individual- 
plant selections are vegetatively propagated in plots isolated as much as 
possible. Seeds produced by tlm better clones are planted in varietal 
plots for comparison. The best oommerdal varieties are also grown for 
comparison. When a new varmty proves sc^ietior and has pradawal 
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uniformity, it is increased and distributed on a large scale. A comparison 
of ordinary timothy and two improved forms distributed by the Svaldf 
Station is shown in the following table (Witte, 1919): 


Table LXXIX.— Yield of Different Varieties of Timothy in Trials at SvalOf, 

1909-1918 


Kilograms of green fodder per hectare 


Variety 

First year’s 
lay 

Second year’s 
lay 

Total 

Yield per cent 
compared to 
ordinary Swedish 
timothy 

Svalof's Gloria. 

14.48 

11.03 

25.51 

120.6 

Sval6f’s Primus. 

13.46 

10.21 

23.67 

111.9 

Ordinary Swedish. 

11.57 

9.59 

21.16 

100 0 


Timothy, like many other grasses, is susceptible to a rust (Puccinia 
graminis). It has already been mentioned that in making selections 
at the Cornell Station some attention was given to resistance to this 
fungus. Eleven of the better Cornell selections have been tested for 
rust resistance (Hayes and Stakman, 1919). The relation of other 
characters to resistance was also studied. The rust classes are: 1, no 
rust; 2, slight infection; 3, moderate infection; and 4, heavily rusted. 
Average erectness is taken with 1 as a basis of an erect plant and 10 a 
procumbent one. Table LXXX presents the data. 

From the table it is apparent that the Cornell selections possess a 
high degree of resistance. Relatively few plants are found in rust classes 
3 and 4. The Minnesota selections show the reverse condition, ^.e., 
most of the plants are found in classes 3 and 4. These facts show that a 
variety of rust-resistant timothy may be isolated. 

In a later investigation. Barker and Hayes (1924) obtained evidence 
that resistance to rust in timothy was transmitted as a dominant 
character dependent on a single-factor difference for its expression. No 
evidence of the existence of more than one biologic form of P. graminis 
phlei'praiensis was found. 

Timothy breeding may be briefly summarized as follows: 

1. Individual plants propagated vegetatively in rows. Bulblets are 
placed far enough apart in the row to give ample room for individual 
development. 

2. The clones produced in 1 are closely inbred or seed is saved from 
vegetatively multiplied plants in isolated plots. By planting the seed 
90 produced clones are tested for transmission of the desired characters 
and also for uniformity. 
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3. When sufficient seed is available, plots are sown broadcast and 
tests for yield are obtained under ordinary field conditions. 

4. A selection which has shown performance ability is increased in 
isolated plots and distributed to the farmers. 

It appears very probable that controlled self-pollination with 
selection in selfed lines is a valuable method to use in breeding timothy. 


Table LXXX.—Rubt Resistance in Timothy in Relation to Other Characters 
AS Shown by Various Data 


Variety 

Rust classes 

Rust mean 

Average yield 
per plant, 
pounds 

Erectness 

mean 

— 

Average 
length of head, 
centimeters 

Average height, 
centimeters 

Average 
number of 
stools 

1 

2 

3 

4 

Cornell 1,611.. 

80 

11 

1 

0 

1.1 

1 0 

2.3 

11 9 i 

88 

122 

Cornell 1,620. 

77 

26 

3 

2 

1.3 

1.0 

2.2 

18 3 

88 

138 

Cornell 1,630. 

79 

15 

9 

2 

1.3 

0.9 

S'! 

12.3 

85 

141 

Cornell 1,636. 

61 

14 

9 

3 

1.5 

0.8 

2.9 

11.4 

85 

109 

Cornell 1,671. 

56 

13 

13 

5 

1.6 

0.8 

2 9 

11.6 

89 

123 

Cornell 1,676. 

87 

10 

3 

6 

1.3 

0 9 

2 9 

13.1 

87 

116 

Cornell 1,687. 

86 

12 

9 

6 

1.4 

0.9 

3.7 

11.3 

88 

131 

Cornell 1,715. 

90 

11 

6 

3 

1.3 

0.8 

3.0 

10.3 

86 

98 

Cornell 1,743. 

100 

3 

12 


1.4 

1.0 

5.6 

10.9 

84 

134 

Cornell 1,777. 

36 

0 

1 4 

1 ^ 

1.2 

0.9 

5.7 

11.5 

83 

142 

Cornell 3,230. 

32 

5 

' 5 

0 

1.4 

0.9 

3.1 

12.9 

86 

117 

U. S. Dept. Sell... 

2 

12 

70 

40 

3.2 

0.6 

2.6 

13.0 

91 

64 

U. S. Dept. Sel. 2... 

4 

4 

19 

13 

3.0 

0.8 

3.3 

10.9 

87 

90 

U. S, Dept. Sel. 3... 

0 

7 

15 

9 

3.1 

0.8 

2.8 

13.8 

92 

72 

L. L. May Sel, 1... . 

2 

3 

24 

15 

3.2 

0.6 

2.3 

12.4 

86 

70 

L. L. May Sel. 2... . 

8 

5 

1 25 

6 

2.7 

0.6 

3.1 

10.1 

80 

92 

Griggs Bros. Sel. 1.. 

1 

1 

! 15 

5 

3.1 

0.7 

3.0 

12.8 

86 

91 


Brome Grass.—Brome grass is a valuable hay and pasture plant, 
particularly in regions where the rainfall is limited and where cool weather 
prevails during the growing season. Waldron (1921a, b) has pointed 
out that clonal lines of Bromus inermis differ strikingly with regard to 
yield and percentage of protein. One of the high-yielding strains pro¬ 
duced three times as much protein per acre as one of the low-yielding 
strains. Some positive correlation was obtained between percentage of 
protein and yield. 

As brome grass produces seed abundantly under controlled, self- 
pollination conditions, it appears that selection in self-fertilized lines is a 
desirable method of breeding. 


CLOVERS 

The importance of clovers as forage crops and their r61e in soil 
improvement make them of great economic value. Trifolium pratemSf 
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or ordinary red clover, is by far the most widely grown. Alsike clover 
(r. hybridum)y because it may be grown in more acid soil than the other 
clovers, is favored in certain localities. Some of the other clovers are 
white {T, repens)y crimson {T. incarnatum), Japanese {Lespedeza striaia)i 
and the sweet clovers {Melilotus alba and M. officinalis). All of these 
species are biennial or perennial except T. incarnatum and L. striata 
which are annuals. 

Red Clover.—Early studies of pollination in red clover led to the 
belief that this species was practically self-sterile. More recent studies, 
particularly those of Fergus (1922), Williams (1925), and Kirk (1925), 
have shown that seed may be produced by self-pollination. These 
investigators have succeeded in isolating strains of red clover that are 
relatively self-fertile. Fergus self-pollinated 650 heads representing as 
many different plants and obtained 153 seeds from 32 heads. These 
were tested in the next generation and it was found that in general the 
seed from the more fertile heads produced progeny which again set 
considerable selfed seed. In a similar experiment Kirk obtained 430 
seed from 230 heads of a Minnesota strain of red clover and 904 seed 
from 200 heads of a strain known as Altaswede. These experiments 
have shown that self-fertility in this crop has a genetic basis the same as 
has been demonstrated for other crops. 

Westgate et al, (1915) found that moist soil and atmospheric condi¬ 
tions induced the formation of a large percentage of infertile ovules. 
All the cells remained sporophytic, no reduction taking place with the 
formation of an embryo sac. As much as 100 per cent ovule infertility 
was found in the first clover crop. The rate of pollen-tube growth was 
shown to be much slower in the self- than in cross-pollinated plants. It 
is probable that in many cases pollen-tube growth is too slow to effect 
fertilization when the plant is selfed. The pollen of red clover is easily 
burst by an excess supply of moisture, Martin (1913) demonstrated 
that good artificial germination of pollen could be obtained on membranes 
which were just moist enough to regulate properly the supply of water to 
the pollen. He suggests that the stigma of red clover performs the same 
function as the membranes. 

Inheritance.^ —The studies of Kajanus and of Gmelin show that the 
leaf markings (light-green portion) characteristic of red clover are 
inherited and that there are al least two factor differences involved. 
Likewise, the tendency to produce supernumerary leaflets has been shown 
to be an inherited character although its expression is very much influ¬ 
enced by soil productivity—^polyphylly is greater on plants well 

I 

review by Malte (1921) has been freely used in the following discussion. 
Where no literature citation is made the reference is to this article* Malts, M. O., 
Variation and Inheritance in Red Clover,” Sd. Agr.y voL 2, pp. 79-83, 125-132, 
157-162. 
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nourished. After practicing selection for several years, DeVries isolated 
a form which had a tendency to produce supernumerary leaflets and which 
he called T. pratense quinquefolium. 

The inheritance of flower and seed color has been investigated by 
several plant breeders. Red flowers were found dominant to blue by 
Kajanus. Malte concluded that red flower color was probably dependent 
on two or more factoi-s. As a result of studies of seed color, Kajanus 
found that dark purplish was dominant over light purplish and that 
both were dominant over yellow. These results indicate that varieties 
of clover breeding true for seed color may be produced. 

The occurrence of seedlings deficient in chlorophyll in the progeny 
of self-fertilized plants has been noted by Fergus (1921) and by Kirk 
(1925). The former reported deficient seedlings in 4 out of a total of 32, 
whereas the latter found deficient seedlings in 21 out of a total of 81 self- 
fertilized lines. 

Disease-resistant Clover.—Clover anthracnose (Colletotrichum tri- 
folii) causes serious injury to red clover in certain regions. Bain and 
Essary (1906) issued a preliminary report on isolating an anthracnose 
resistant red clover. Healthy plants in a badly infested field were located 
late in the season after most plants had been killed by the disease. The 
seeds of the chosen plants were planted separately in alternate rows with 
ordinary commercial seed. Measures were taken to insure the infection 
of every seedling with anthracnose. By June 1 the commercial plants 
began to show symptoms of the disease and by the middle of September 
not more than 5 per cent of them were living, while 95 per cent of the 
selections were healthy and making a fair average growth. Some of the 
latter showed small lesions, but growth was not seriously affected. By 
continuing these investigations, a strain of red clover has been produced 
which is resistant to anthracnose. The Tennessee Agricultural Experi¬ 
ment Station has distributed seed of this strain to farmers. It is proving 
to be of much value. 

A fungus disease which frequently attacks red clover is powdery 
mildew. Mains (1922) has pointed out that this fungus is not commonly 
found on T. incarnatum, T, hybridum, or T. repens and that there seems 
to be considerable difference in the degree of resistance to this disease 
among individual plants of T. pratense. In general, the American varie¬ 
ties of red clover proved more susceptible to mildew than European 
varieties. 

The reaction of several species of Trifolium to Brackysporium trifolii 
under certain conditions in a greenhouse has been studied by Bonar 
(1924). r* incarnatum was found highly susceptible and T* pratense 
and T. repem moderately susceptible to this disease. 

Adaptation#—Investigations have been carried on by a number of 
experiment stations to determine the relative adaptability of red*clover 
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strains from different regions. In general, seed produced locally has 
given more satisfactory results than imported seed. Christie (1923) 
found that Indiana and Ohio strains of red clover withstood Indiana 
winters whereas three strains from Italy, four from Chili, one from 
Bohemia, one from Hungary, four from France, and two from Germany 
aU winter killed more or less. In a somewhat similar experiment con¬ 
ducted in Michigan, Cox and Megee (1924) found that seed grown in 
Michigan and in the northern states or Canada was more dependable and 
better adapted than seed from other sources. Seed from western Oregon 
and Italy was of practically no value whereas seed from northern Europe 
and Chili in some cases gave good results. Similar results were obtained 
by Arny (1924) in Minnesota. Farther south in the general region of 
Tennessee, Kentucky, Virginia, West Virginia, and Maryland, anthrac- 
nose is frequently the cause of failure with red clover; therefore resist¬ 
ance to this disease in addition to general climatic adaptation is highly 
desirable. 

Breeding.—The improvement of red clover may be accomplished by 
one of two methods of breeding, namely, a restricted form of mass 
selection or self-fertilization followed by hybridization and selection. 
In either case it is desirable to first make a comparison of the varieties 
produced by other breeders and of commercial seed from different sources 
to obtain the best forms for the foundation stock. In mass selection, a 
seed plot may be used in which each plant is spaced so that its characters 
may be determined. Undesirable plants should be removed before pol¬ 
lination. By repeating this process, forms with the desired characteris¬ 
tics and with practical uniformity may be isolated. 

The studies concerning self-fertilization in red clover which have been 
mentioned show that it is possible to produce relatively homozygous 
lines by artificial self-pollination. The pure strains which show the 
desired characters may then be crossed and selection made among the 
progeny in a manner somewhat analygous to the modern method of 
corn breeding. 

Japanese Clover. —According to Essary (1921), Japanese Clover, Les- 
pedeza striata, was first described in Georgia about 1846 where it is 
thought to have been introduced accidentally as packing for goods 
shipped into the United States. It is a native of eastern Asia. 

In 1912, the Tennessee Experiment Station made 258 selections 
from both wild and cultivated Lespedeza plants. Some were individual- 
plant selections and others were selections made from groups of plants. 
It is stated that the progeny of individual plants ^‘have remained true 
to type to a remarkable degree.'^ As a result of this work three new 
strains of Lespedeza have been developed. One of these strains is 
adapted for hay, one for pasture, and one for growing in sections of 
Tennessee where the season is relatively short. 
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Sweet Clover. —The sweet clovers have been known for many years 
although it is only recently that their agricultural value has been recog¬ 
nized. In addition to the yellow- and white-flowered biennial sweet 
clovers, an annual white-flowered form exists, to which attention was 
called by Prof. H. D. Hughes of the Iowa Agricultural College. In the 
biennial sweet clover (Pammel and King, 1918) the upper portion of the 
underground organ is a stem and produces numerous buds. These are 
absent in annual sweet clover. 

Aberrant forms in Arctic sweet clover have been reported by Kirk 
(1924). The aberrant plants were found in a variety that 3 years previ¬ 
ous had been grown in a long, narrow field adjacent to a similarly shaped 
field of Grimm alfalfa. A further study of these unusual individuals 
(Kirk, 1926) showed that some of them were completely sterile, others 
nearly so, and some were completely fertile. Thirty-four seedlings from 
each of ten fertile plants were transplanted to a field. Six of the families 
showed segregation into two distinct types: one similar to sweet clover 
and another with greater leafiness, numerous stalks, and a well-developed, 
much-branched crown, somewhat similar to alfalfa. The cumarin 
content among the plants of the latter type varied and in some plants it 
was almost completely absent. It is suggested that these aberrant forms 
may have arisen as the result of a natural cross between sweet clover and 
alfalfa. 

ALFALFA 

Alfalfa is one of the oldest, if not the oldest, plant cultivated for its 
forage only (Piper, 1916), Most of the cultivated forms belong to the 
species Medicago saliva. The only closely related species of economic 
value is M. falcatay sometimes called sickle alfalfa or yellow-flowered 
alfalfa. The two species cross readily, as Waldron (1919) has shown (for 
pollination studies on alfalfa, see Chap. V). Piper et ah (1914) found 
that alfalfa set more seed when cross-pollinated than when selfed, although 
the selfed set considerable seed. It also was demonstrated that auto¬ 
matic tripping with consequent self-pollination may occur under certain 
conditions. 

Grimm Alfalfa and Winter Hardiness. —Westgate (1910) and, later. 
Brand (1911) suggested that the origin of Grimm alfalfa was probably 
the result of natural crossing between cultivated alfalfa (M. saliva) and 

Fio. 57.—Structure of alfalfa flowers. 

1. Branch showing flowers in position. 

2. Single flower, showing— a, standard; 6, sexual column in contact with Standard; c, 
keel; d, wings. 

3. Seed pod. 

4. Flower parts in position—o, undeveloped pod; 6, ovary; c, filament; d, anther. 

5. Same with all anthers removed except one to show stigma. 

6. Anther. 

Sise: 1, about 2, about 2n; 3, about }^n; 4, 5, 6, greatly enlarged. 
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wild plants of the yellow-flowered sickle lucem (M. falcata) found espe¬ 
cially in Germany, Austria, Roumania, and certain regions of Italy. 
The seed from which the Grimm variety eventually resulted was brought 
to Carver County, Minnesota, by a German immigrant farmer, Wendelin 
Grimm, in 1857. Here for 50 years the original variety was subjected to 
the severe Minnesota winters and as a result the non-hardy types were 
eliminated. 

Waldron (1912) reported the result of testing for winter hardiness 68 
different strains of alfalfa assembled from various parts of the world. 
The trial was made at Dickinson, N. D., during the severe winter of 
1908 and 1909. The two strains of Grimm alfalfa included in the experi- 






* ‘ 








Fia. 68.—Comparative hardiness of Grimm and common alfalfas. The two rows in the 
center are from Grimm seed. At either side are rows grown from southern grown common 
seed. 1916 season. {Photo loaned by Amy.) 


ment proved to be the hardiest. On an average, less than 5 per cent of 
the Grimm plants were killed and only one other strain showed less than 
10 per cent killed. Disregarding 12 strains which were destroyed com¬ 
pletely, the average percentage killed for the other strains, considered as a 
unit, was 77.5. 

To bring out the fact that differences between strai ns in their respec¬ 
tive reactions to cold are genetic, Waldron computed correlation coeffi¬ 
cients. Two nurseries had been planted on succeeding years with the 
same strains taken from the same original lot of seed. The percentage 
of killing of the various strains in (me nursery during the winter of 1908 
and 1909 was correlated with similar data collected from the other 
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nursery after the winter of 1910 and 1911. A correlation coefficient of 
+0.62 + 0.06 was obtained. 

Some of the surviving plants of the different alfalfa strains were selfed 
and the seeds so obtained were planted separately in a third nursery. 
Percentage of winter killing of these strains was taken and the correlation 
coefficient between the percentage of winter killing of the parental stock 
and that of the new strains was determined. The correlation coefficient 
obtained was +0.46 + 0.07. The mean winter killing (expressed in 
percentage) of the parental stock was 27.43 ± 1.75 as compared with 6.43 
±0.66 for the strains coming from selfed seed. In other words, progress 
has been made toward isolating hardy biotypes. 

Other winter-hardy strains of alfalfa have been developed by the 
Michigan (Spragg and Down, 1922) and the Saskatchewan (Kirk, 1924) 
agricultural experiment stations. Two strains developed at the latter 
station were produced by selection from Grimm. One of these strains 
is superior in yield of hay and the other excels in yield of seed. The new 
strain produced at the Michigan Station has been named Hardigan 
In addition to winter hardiness it possesses a satisfactory yielding capac¬ 
ity of both hay and seed when grown in Michigan. It is resistant to 
leaf spot also. 



CHAPTER XVIII 


POTATO IMPROVEMENT 

Potatoes have been brought into general cultivation since the dis¬ 
covery of America, and are now a crop of major importance in many 
countries. As potatoes are reproduced commercially by tubers, they 
furnish an excellent illustration of the way in which vegetative reproduc¬ 
tion modifies breeding methods. 

Origin and Species.—There are from 5 to 100 species of tuber-bearing 
potatoes according to the number of forms which are recognized as 
separate species (East, 19086; Wight, 1916). Whether the cultivated 
potato arose from a single ’^ild species or from several is a debatable 
question. The preponderance of opinion is that there is only a single 
wild species. Solarium tuberosum L., which deserves to be considered as 
the stem form from which all cultivated varieties arose. Wight (1916), 
after carefully examining herbarium material, previous records, and wild 
species, makes the following statements: 

Every reported occurrence of wild S. Tuberosum that I have been able to 
trace to a specimen, either living or preserved in the herbarium, has proved to be 
a different species. I have not found in any of the principal European collections 
a single specimen of Solanum tuberosum collected in an undoubted wild state. 

Berthault (1911) cites Heckel, Planchon, and Labr^gerie as examples 
of recent workers who believe that other wild species gave cultivated S. 
tuberosum forms by mutation; Planchon, believing that the original 
form was S, commersonii; Heckel, that S, maglia through mutation 
produced cultivated potatoes; while Lab6rgerie believed both of these 
species gave cultivated forms through mutation. Berthault attempted 
to answer the question by growing seeds and tubers of both these species 
and also by growing seed of several cultivated varieties. Progeny of 
seed or tubers of S, maglia and S, commersonii gave no forms which 
approached in calyx or corolla characters the cultivated varieties of S. 
tuberosum. Progeny of seed of cultivated varieties showed Mendelian 
segregation, but no characters were obtained which had not been observed 
in ancient cultivated varieties. Wittmack (1909), after a careful botani¬ 
cal study of species, reached the conclusion that S. tuberosum was the 
stem species from which all cultivated potatoes arose. 

. This conclusion is further justified by a summary of results of species 
crosses given by Fruwirth (1925), Not all of the crosses were successful, 
but, in general, crosses between different forms of S* tuberomm were lem 

m 
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difficult to obtain than those between S, tuberosum and the other tuber- 
bearing species. 

The evidence presented by De Candolle (1886) seems sufficient to 
prove that the potato grew wild in Chile in a form which is very similar 
to that of our cultivated plants. Heckel (1912) reports a study of 
changes under cultivation of forms of Solarium tuberosum collected 
in the wild in Bolivia and Peru by M. Verne. The wild plants were 0.25 
meters in height, with blue flowers, deep green foliage, and tubers about 
the size of a hazel nut each produced at the end of a long root-stalk. 
These tubers were planted at Marseilles in a garden heavily fertilized with 
manure. There was little change in the flower and fruit characters but 
there were pronounced changes in the subterranean parts. The yellowish 
tubers, each borne at the end of a much shortened root-stalk, contained 
a far greater amount of starch than wild tubers, and the characteristic 
bitter taste of the wild tubers disappeared. Much more profound changes 
in tubers of S. maglia occurred under cultivation (Heckel, 1909). 

There seems to be no good reason for speaking of all these tuber changes 
as mutations. It is more in line with modern genetic usage to consider 
them as the normal expression of the inherited factors under the new 
conditions of environment which occur under cultivation. 

The cultivated potato was first introduced into Spain and Portugal 
by the Spaniards during the first half of the sixteenth century.^ A 
description and illustration of the potato, published by Clusius in his 
^‘Rariorum Plantarum Historia’^ in 1601, were made from a plant sent 
him, in 1588, by the governor of Mons. The flowers were light purple 
and the original plant obtained by Clusius produced a fruit ball and two 
reddish tubers. From this introduction the potato was taken probably 
into Italy, from there early in the seventeenth century to Austria, 
then to Germany, from Germany to Switzerland, and finally to France. 

Drake, after a West India piratical trip, took the Roanoke colony, 
including Thomas Herriott, to England. Probably potatoes were part 
of the stores obtained in the West Indies by Drake and these Herriott 
introduced into Ireland about 1586. This was the second introduction 
into Europe. It is generally believed that the English colonists of 
Virginia and Carolina first obtained the potato from Spaniards or from 
other travelers. Gerard described and illustrated a variety of potatoes 
in ^s ^'HerbaP^ in 1597. This variety had light-brown to yellowish 
tubers and violet to almost white flowers. 

Inheritance of Important Economic Characters,^* —Systematic plant 
breeding with the idea of combining the desirable characteristics of two 

1 East, 19086. 

^ This discussion and the more detailed one at the end of the chapter is based 
on inheritance studies made by several investigators, particularly Salaman and 
East and summarized by Fruwirth (1925). Where author without date of publica¬ 
tion is cited, reference is made to IVuwirth’s summary. 
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parental varieties can be carried out only after the breeder has familiar¬ 
ized himself with the characters of particular varieties and of their wild 
relatives. Varieties which are otherwise desirable, however, frequently 
are lacking in some particular character. Thus a variety with the period 
of maturity of Early Ohio but with less tendency to second growth would 
be of material value, while a variety similar to Irish Cobbler but with 
shallower eyes appears desirable. A late-maturing variety for the South 
with as great heat resistance qualities as McCormick and with good 
tuber type, such as Rural New Yorker or Green Mountain, would be a 
valuable addition to the potato varieties for that section. The discovery 
of the wart disease in the United States and the knowledge that certain 
American varieties are susceptible, has given some impetus in this country 
to the breeding of wart-resistant varieties. Thus, with the potato, as 
with other crops, the breeder should first determine the ideal toward 
which he will work. Parental varieties should then be selected because 
of some desirable characters. By recombination of the favorable charac¬ 
ters of both parents, improvements may be obtained. The transmission 
of potato characters through the seed is in conformity with Mendelian 
principles. Vegetative propagation allows the breeder to perpetuate any 
desirable genotype even though heterozygous, which is the usual condi¬ 
tion in the potato plant. While, in general, self-fertilization of a com¬ 
mercial variety gives rise to seedlings which vary a great deal, it is 
comparatively easy to obtain homozygosity for some characters. 

Tuber shape and depth of eyes are important characters which are 
used as one means of varietal classification. Tuber shape has been 
found to depend essentially on the presence or absence of a single factor 
for length. According to this hypothesis a tuber may be homozygous 
long, homozygous round, or heterozygous long. Heterozygous long is 
the most variable of the three conditions. In one experiment two varieties 
with round tubers when selfed produced nothing but round tubers, while 
twelve varieties with oval tubers, when selfed, produced long, oval, and 
round-tubered progeny. Heribert Nilsson (1912-1913) found one 
variety of potato that did not breed true for round tubers. Long tubers 
were dominant to round in Fruwirth's (1912) experiments. 

Conflicting results with regard to the inheritance of depth of eyes have 
been obtained. Salaman (1912-1913) and East agree that shallow eyes 
are the dominant condition, whereas Heribert Nilsson thought that 
eyes were dominant over shallow eyes. Small round eyes were found to 
behave as recessives to large broad eyes. 

Salaman (1925) reported a study of inheritance of cropping index/' 
This index was devised to express the ratio of haulms (vines) to tubers. 
Twenty-five thousand seedlings from four hundred families were studied 
and by estimation the plants were placed in five classes. Class 1 con¬ 
tained the plants with the greatest tuber weight in proportion to haulms 



POTATO IMPROVEMENT 


313 


while class 5 were ''zero croppers*’ or almost without tuber formation. 
Classes 2, 3, and 4 were of intermediate condition. Vigor of plant did 
not appear to be correlated with cropping index although, in general, the 
more vigorous the plant the greater the tuber formation. It was sug¬ 
gested that two cumulative factors A and B controlled cropping index, 
and that the highest genetic composition of a normal variety was AaBB 
rather than AABB. The latter genotype was considered sterile while the 
double recessive aahh represented the formula for a zero cropper. Certain 
wild types crossed with high-producing domestic varieties produced all 
zero croppers in Fi. This result was considered to indicate the presence 
in the wild types of dominant inhibitors of A and B. The possibility 
should not be overlooked that cropping index may be correlated with 
earliness, a character which Krantz observed strongly influenced tuber 
production. Certain late-maturing seedlings produced a very small 
crop of tubers and this was l>elieved to be because the season was not 
suflS^ciently long to permit <:omplete maturity. 

The inheritance of habit of growth in the potato has been reported by 
Salaman and Lesley (1920). Three distinct forms, namely, upright, pro¬ 
cumbent, and prostrate, were described. The prostrate habit of growth, 
in which the vines sprawl along the surface of the ground, is recessive 
to the upright form and differs from it by at least two and probably three 
factors. The procumbent plants are intermediate between upright and 
prostrate. The genetic relationship of this character has not been 
established but the authors have some evidence that it is a recessive and 
differs from upright by a single factor. There was some indication 
that the prostrate forms could better endure drought than the upright 
types. 

Sterility of the anthers has been found to be a dominant character. 
Salaman believed at first that its inheritance was due to a single differ¬ 
ential factor pair but later evidence indicated a more complex manner of 
transmission. More recently Salaman and Lesley (1922) have reported 
a detailed study of pollen sterility. When the pollen grains were of good 
size and abundant, the plant was classed as a fertile pollen producer but 
when they were small, less abundant, or almost wanting, the plant was 
classed as sterile. Three varieties of potatoes, Edzell Blue, Myatt’s Ash- 
leaf, and Edgecote Purple, were used in the study. Edgecote Purple and 
Myatt’s Ashleaf both, when crossed reciprocally or selfed, produced 
offspring which were classed as "fertile.” Edzell Blue, when selfed, pro¬ 
duced both fertile and sterile offspring but when it was used as a pollen 
parent in crosses with Edgecote Purple, all plants of the Fi and F^ genera¬ 
tions were fertile. In reciprocal crosses, approximately half of the 
offspring were fertile and half sterile. It was suggested that somewhere 
in the lineage of the formation of pollen the basis of sterility had been 
lost wbe^neas in the lineage of the formation of egg this had not occurred. 
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Pollen sterility, therefore, appears to be dominant to fertility although 
sterility is transmitted only through the eggs. This is a very important 
conclusion for the practical breeder. No variety would be homozygous 
for pollen sterility and lines homozygous for fertility could be produced 
by self-fertilization and selection if offspring could be obtained. 

Besides this type of hereditary sterility which, according to Dorsey 
(1919), Breeze (1921), and Young ri922), occurs after the formation of 
tetrads and the pollen grains have assumed their characteristic form, 
degeneration takes place in the pollen mother cells prior to the period of 
tetrad formation, due, it is believed, to external environmental causes. 
This may result from insufficient nourishment or ^^infestation of amoebae 
or other microorganisms.^' 

The transmission of immunity to wart disease has been studied by 
Salaman and Lesley (1923). Immunity behaves as a dominant although 
this dominance may be inhibited by other factors. Four types of immune 
plants were obtained. One type bred true, the other three, when selfed, 
gave ratios of 15:1, 3:1, or 9:7, respectively. 

Inheritance. —Several factors, in addition to the chromogen body, have been 
recognized in tuber coloration. Red potatoes contain two genes, 72, a reddening fac¬ 
tor, and D, a developer of pigment. Purple and black tubers have, in addition 
to R and D, another factor, P. Segregating ratios wore m accordance with the above 
factorial hypotheses. Wilson (1916) obtained only -white tubers from selfed white- 
tubered varieties. Similar results have been obtained by other plant breeders which 
show that white is a recessive character. Recently Collins (1924), Kelley (1924), 
and Krantz (1926) have studied the inheritance of tuber color pattern. The explana¬ 
tion made by Krantz will account for the results obtained by Collins and Kelley and 
is therefore given here in some detail. Three factor paiis were involved in the develop¬ 
ment of color in the tuber. The factor hypothesis used was as follows: 

D is a basic color factor necessary in the dominant condition for the development 
of color in the tuber skin. 

P is a factor which, when present with D, leads to the production of parti-colored 
tubers. 

.4. is a factor which, when present with D and P, produces suffused or self color. 

The selfed progeny of Red McCormick, Triumph, and Early Ohio were studied, 
as well as crosses of a recessive white strain, IJ. S. D. A. seedling No. 14,329, with 
Triumph and Early Ohio. It was concluded that Triumph probably has the genetic 
composition DDRrAa, Early Ohio DdRrAA, Red McCormick DdRrAa, and the white 
seedling ddrraa, 

Fruwirth (1912) found yellow flesh of tuber dominant over white. It was also 
found that different gradations of color were inherited. Heribert Nilsson (1912-1913) 
ol>served that some varieties with yellow flesh (tubers) bred true when selfed, others 
segregated as dihybrids with white recessive. Evidence that several factors were 
operating in the inheritance of tuber flesh color was obtained. 

A certain amount of coloring in the young sprouts or shoots, stems, and sometimes 
in the leaf petioles was found associated with the presence of color in the tubers. With 
regard to flower color, three white-flowered varieties, selfed, produced only white 
flowers; and three out of four colored varieties, when selfed, produced both colored 
and white forms. Color is, therefore, dominant to its absence. Inheritance of this 
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character may be explained by assuming the presence of a chromogen body and 
modifying factors. Heliotrope flowers are due to the chromogen body plus a redden¬ 
ing factor; purple flowers are produced by the addition of a purpling factor; white 
flowers may be due to the absence of one or more of these factors. 

It appears that, in many cases, quantitative characters are dependent upon 
multiple factors. McDougal (1917) crossed the wild potato of Arizona, S. fendleri, 
which grows at a high altitude and endures extremes of climate, with a domestic 
variety. The wild form produces small tubers. In the generation, forms appeared 
which were identical with the wild parent together with many intermediate types. 
Krantz (1924) found that Fi varietal crosses were, as a rule, more vigorous than the 
seedlings obtained from the selfed seed of the parents. Second generation seedlings 
were less vigorous than first generation seedlings probably owing to the fact that the 
former were on the average more nearly homozygous. The facts support the theory 
that these quantitative characters are dependent upon multiple factors. 

Production of New Forms.—For the purpose of differentiating between 
two important phases of potato improvement, Stuart (1915) has referred 
to ‘^selection^^ as the ^'isolation and asexual propagation of desirable 
strains or types” while ^'breeding” is used only for sexual reproduction. 
With certain crops, such as the potato, this terminology is distinctive. 
Such a restricted usage of the word selection” seems undesirable. The 
same idea can be obtained by the use of clonal selection” to refer to the 
asexual propagation of desirable strains or types. Sexual breeding is 
the most promising method of obtaining new varieties although clonal 
selection has an important place in keeping the variety in a state of 
purity and in the control of certain diseases. Modern methods of sexual 
breeding and certain difficulties involved will be discussed briefly. 

The Difficulties of Obtaining Crossed Seed.—The technic of making a 
cross is very simple. Several flowers in the same cluster may be polli¬ 
nated about the same time. Unopened buds may be emasculated, polli¬ 
nated immediately, and seed frequently is obtained. Stuart (1923) 
collected flowers to be used as the male parent in small sacks. The 
following description of the technic of pollination was given: 

The corolla is pushed back between the thumb and forefinger of the left hand 
and held in such a position that the anthers extend upward toward the thumb 
nail. After removing the pistil the anthers are tapped sharply with the forceps, 
thus jarring the pollen out of the terminal pores, upon the thumb nail, on which it 
is readily conveyed to the stigma of the previously uncovered flowers. 

The flowers are receptive two to four days after emasculation. East 
(1908a) concluded that the potato was usually self-fertilized. He also 
observed the fact that insects were seldom seen to visit the flower. Sala- 
man (1910^1911) believes it unnecessary to cover the flower before or 
after pollination. Stuart, however, used 1-pound bags and found that if 
a certain amount of foliage was included in the bag its use did not cause a 
lowering of the number of seeds set. An average of between one and two 
hundred seeds was obtained by Stuart from each successful cross. The 
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difficulties of obtaining crosses are of three sorts. Some varieties are not 
free bloomers. Even though the variety is a free bloomer, environ¬ 
mental conditions may cause the flower to fall before seed is produced. 



Fig. 59,—Emasculated and unemasculated potato blossoms. (After Stuart.) 


With some free blooming varieties, and under conditions favorable for 
blooming, the pollen production may be almost wanting. 

Stuart (1923) states: 

Most varieties will produce some blossoms when grown under optimum 
conditions for the normal development of the plant, particularly if these condi¬ 
tions prevail during the stage at which flower buds are formed. In many 
considerable varietal collections it is inevitable that many varieties should find the 
conditions unsuitable for their maximum development. 

After studying numerous varieties Stuart made the following group 
classifications: Irish Cobbler, Early Michigan, Early Rose, Beauty of 
Hebron, Green Mountain, Rural, Peachblow, and Up-to-Date as profuse 
bloomers; Early Ohio and Burbank as moderate bloomers; and Triumph 
and Pearl as scant bloomers. 

While all varieties produce flower buds the early dehiscence of these 
is the main reason why sparse bloomers are obtained. Perhaps in some 
cases, as pointed out by Breeze (1921) the early dropping of the flower 
buds may result from infestations of amoebae in the anthers. It was 
believed that some varieties were resistant to such infestations. 

Stout and Clark (1924) have presented extensive studies of pollen 
sterility of many named varieties and of some wild species which were 
, grown at Presque Isle, Maine. The varieties were placed in four classes 
although the description of the classes given here is much shorter than 
presented by them. 
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1. Pollen abundant, 30 per cent plump with 15 to 20 per cent of all 
grains which germinated. 

2. Pollen abundant, 5 to 30 per cent of plump pollen, with only a few 
of these grains which germinated and usually with pollen tubes of feeble 
growth. Cross-pollination with varieties of this class produces little seed. 

3. Pollen usually scant, but sometimes fairly abundant, percentage of 
plump grains 10 per cent or less, but rarely germinating. Cross-pollina^ 
tion with this class results in failure. 

4. Pollen very scant, with scarcely a plump grain. No germination. 

The pollen condition of some of the more important commercial 

varieties belonging to the various potato varietal groups summarized 
here has been adapted from their material. Classes 1 to 4 represent the 
four groups on the basis of pollen production and viability. 


Pollen Classba 

iS. iitherosum 12 3 4 

1. Cobbler group. 1 4 1 

2. Triumph group. . 1 

3. Early Michigan group. . . .. 4 

4. Rose group. . . 3 2 

5. Early Ohio group. . . 2 

6. Hebron group. .. 3 

7. Burbank group. .. .. 3 

8. Green Mountain group. 5 6 

9. Rural group. .. 10 4 

10. Pearl group. 

11. Peachblow group. 1 .. .. 1 

12. Up-to-date group. . . 6 1 


Certain varieties were found to be dependable pollen parents. These 
were listed as follows: From the United States, Keeper and McCormick; 
from Canada, McIntyre; from Great Britain, Martinis Horn and Sham¬ 
rock; from Germany, Clio; from Poland, Busola, Bohun, Switez, Zbyszek, 
Petronius. 

Stuart (1923) calls attention to the inferior commercial characters of 
the four American varieties, Early Silver Skin, Keeper, McCormick, and 
Round Pinkeye, which were classed as dependable pollen parents while 
Clark (1923) and Krantz (1924) have urged the necessity of producing 
desirable pollen parents by selection in self-fertilized lines. Studies are 
already under way for the purpose of producing desirable homozygous 
pollen parent varieties. As was pointed out in the discussion of inherit¬ 
ance of economic characters, pollen sterility is a dominant character and 
transmitted only through the egg. By selection in self-fertilized lines 
pollen sterile individuals will become eliminated. 

Methods of Handling. —Certain points regarding methods are of 
interest and have been taken from Stuart (1923). As soon as the seed 
balls are ripe, which condition can be recognized in most American 
varieties from the pale lemon-yeUow color at this stage, the seed balls 
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should be removed from the vines. After harvesting the seed balls 
they should be crushed into pulp and placed in a vessel of water. In 
the course of several days fermentation will have set in and if the material 
has been stirred several times during this period the pulp will rise and can 
be removed easily. The seed should be collected and dried in which 
condition it may be held for several years. 

When small amounts of seed are available the seed balls may be cut 
crosswise and the seed squeezed out on a piece of paper and left to dry. 



Fig. 60 —Potato seed balls and seed. {After F A Krantz ) 


The young seedlings may be started in flats in the greenhouse the 
early part of March for latitudes such as Washington, D. C., by sowing 
the seed H iiich deep or thereabouts in a sandy loam. After four or five 
weeks the plants may be transplanted into pots or flats and taken to the 
field when conditions are favorable. Stuart believes it desirable to plant 
them 30 inches apart in the row. 

Many seedlings must be tried and only a few will prove of value. 
The early history of seedling production indicates the importance of 








POTATO IMPROVEMENT 


319 


sexual breeding. Results indicate that seedlings which produce tubers of 
irregular shape or with deep red or purple skin may well be discarded 
after the first year’s trial. After another year’s study those strains with 
undesirable characters such as low yielding ability, undesirable shape, 
deep eyes, unusual susceptibility to fungous diseases, and straggling or 
weak vine growth should be discarded and the few more promising types 
given a wide test to determine their adaptability and value under different 
conditions. 

One of the greatest difficulties in potato breeding is the harmful effects 
and total loss which may result if the degeneracy diseases are present in 
the breeding plots. These diseases can be controlled from a practical 
standpoint by keeping the breeding stock well isolated from other potato 
fields and thus preventing primary infection. 



Fig. 61.—An unpromisinR first-year seedling. Crop of 1910. Note the large number of 
small, irregular shaped tubers. {After Stuart.) 


Early Improvement through Seedling Production.—Probably no 
statement could be more illuminating than Stuart’s discussion regarding 
early studies of potato improvement in the United States. The facts 
here related are taken from his publication. 

During the period from 1840 to 1847 the wide occurrence of potato 
blight focussed the attention of potato growers upon the need of more 
resistant varieties. The Rev. C. E. Goodrich, of Utica, N. Y., believed 
this susceptibility to diseases was a result of long-continued asexual prop¬ 
agation, Through the agency of the American consul at Panama, South 
American varieties were introduced. Goodrich grew seedlings from Rough 
Purple Chili, one of the introduced varieties, and obtained a new variety 
which he named Garnet Chili which was introduced into the trade in 
1867. Between 1849 and 1856 Goodrich raised a total of 8,400 seedlings. 
These experiments had considerable effect on the work of other breeders. 
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In 1861 Albert Bresee, of Hubbardton, Vt., grew a naturally fertilized 
seed ball produced by Garnet Chili. One of the seedlings produced was 
distributed under the name of Early Rose. The most careful breeder 
of this period was C. C. Pringle, of Charlotte, Vt., who selected varieties 
for crossing because of desirable characters. A variety by the name of 
Snowflake was one of the best known of his productions. Pringle, in the 
early 'seventies, contracted to produce potato seed for $1,000 a pound. 

Numerous varieties, probably resulting from naturally pollinated 
seed, were introduced by P]. S. Brownell, of Essex Center, Vt. Among 
the better known of these were Brownell's Best, Beauty, Eureka, and 
Winner. The Early Ohio is another of the well-known varieties which 



Fig. 62.—An extra-promising first-year seedling. Crop of 1910. 24 tubers. {After Stuart.) 


were introduced about this time. It was obtained by Alfred Reese from 
a seedling of Early Rose and introduced in 1875. One of the first plant 
productions of note of the celebrated breeder, Luther Burbank, was 
obtained by growing seedlings of a potato ball which he found on an 
Early Rose vine in his mother’s garden at Lancaster, Mass. Of 23 
seedlings grown, one was of much promise. The new variety developed 
from this plant was introduced by Gregory in 1872 as Burbank’s seedling. 
From naturally fertilized seed of Garnet Chili, E. L. Coy of West Hebron, 
N. Y., obtained a variety that was introduced in 1878 as Beauty of 
Hebron. These early experiments which produced some varieties that 
are still grown illustrate the marked effect which the introduction of a 
sin^e variety may have on the production of new forms. Some of the 
varieties which resulted from the introduction and breeding experimmrts 
of the Rev. C. E. Goodrich are here listed: 
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Table LXXXI,— Pedigrees of Some Potato Varieties 


Breeder 

Variety used for seed 

Seedlings named 

Rev. C. E. Goodrich. 

Rough Purple Chili 
Garnet Chili 

Early Rose 

Early Rose 

Garnet Chili 

Garnet Chili 

Early Rose 

Early Ohio 

Burbank 

Beauty of Hebron 

Albert Bresee. 

Alfred Reese. 

Luther Burbank. 

E. L. Coy. 



These early studies illustrate the general mode of production of new 
potato varieties which was carried on prior to 1900. At the present time 
the state experiment stations and the United States Department of 
Agriculture are taking a leading part in the production of improved 
varieties for the United States. 

Clonal Selection.—The subject of bud mutations in potatoes is a 
somewhat difficult one, for there are numerous reported cases of such 
sudden changes. Many of the experiments were not performed with 
sufficient care to furnish acceptable evidence, although numerous appar¬ 
ently authentic cases of color changes have been reported. As an 
illustration of carefully controlled experiments those carried on by East 
(1910a) may be cited. In these studies each variety was started from 
a single hill. During the course of the study, five permanent changes 
from pink to white tubers, two permanent changes from long to round 
tubers, and four instances of changes from shallow to deep eyes were 
observed. On the basis of the modes of inheritance of these characters, 
the hypothesis was made that the changes resulted from the loss of 
dominant factors. Experiments in selection for high nitrogen content 
gave negative results. The statement was made: 

It is true that aU of the asexual variations have been losses of characters, while 
in sexual reproduction the formation of new characters occurs. 

Dorst (1924) collected and examined as completely as possible all 
available cases of bud mutations. There seems to be little doubt of the 
authenticity of many of these cases. As reverse bud mutations from a 
new form to its original parent occur, Dorst does not believe that all 
sudden changes are the result of the loss of a dominant factor. While 
it is possible that desirable economic characters may have appeared 
occasionally as a result of bud mutations, the evidence for this belief is 
not very conclusive. Krantz (1924) has published considerable data 
recently which show that selection for yield or tuber form within a clone 
is futile. There is every reason to believe that sexual breeding is the 
promising mode of attack and in the production of improved new varie¬ 
ties bud mutation appears of comparatively little value. East quotes 
A* W. Sutton, who states: 
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I have no hesitation in affirming that there is no potato in commerce in 
England, and I might say in Europe, which owes its origin as a distinct potato to 
bud variation in any form whatever. 

If this statement is true, it seems fair to conclude that there has been 
a somewhat loose usage of the term ^'bud mutation’^ in its application to 
raising the standard of a variety by any of the well-known methods such 
as tuber unit or hill selection (see Chap. XXI). Accumulated evidence 
certainly points to the belief that the chief value of such work rests on 
the probable elimination of degenerate types. Evidence from Canada 
presented by Macoun (1918) is particularly illuminating. Four varie¬ 
ties, Early Rose, State of Maine, Empire State, and Delaware, were 
grown at the Experimental Farm at Ottawa, Canada, from 1890 to 1909, 
inclusive. The better tubers were selected from each yearns crop and 
used to plant the following crop. Results are presented in Table 
LXXXII. 


Table LXXXII.— Average Yield of Potatoes over the First Four and 
Last Four Years of a 16- year Period and Subsequent Yearly Yields 
over a Four-year Period 


Variety 

Year 

1890-1893 

bushels 

1902-1905 

bushels 

1906 

bushels 

1907 

bushels 

1908 

bushels 

1909 

bushels 

Early Rose. 

257 

317 

150 

128 

69 

18 

State of Maine. 

325 

361 

132 

1 174 

97 

62 

Empire State. 

301 

338 

132 

! 117 

117 

62 

Delaware. 

296 

352 

103 

114 

156 

53 

Average. 

295 

342 

129 

133 

no 

49 


For the 16-year period from 1890 to 1905, inclusive, the varieties 
were kept in a high state of productivity “due, no doubt, to careful 
selection and good cultivation each year.^' In 1906, however, there was 
a marked falling off in yield due to the unfavorable season. In the 
early part of the season there was sufficient rain but at about the time 
of the last cultivation, hot dry weather set in and continued throughout 
the season. During July there was also a severe attack of aphis. The 
vines, therefore, presented a stunted appearance and dried up early in 
the fall, the yield of tubers being very low. In 1907 and 1908 the seasons 
were also very unfavorable. The best tubers were again planted in 1909 
and although the tubers used for planting presented a very favorable 
appearance, the yields were very low. A comparison was made in 1909 
of tubers grown continuously at the Central Experiment Farm and newly 









POTATO IMPROVEMENT 


323 


imported tubers grown under more favorable conditions. The yielding 
ability of the imported tubers in some cases exceeded that of the Central 
I'arm tubers by as high as 500 per cent. 

The rapid deterioration of varieties under certain conditions is a 
result, apparently, of degeneration diseases which have been referred to 
by various names some of which are “mild mosaic, leaf-rolling mosaic, 
rugose mosaic, leaf roll, spindling-tuber disease, and unmottled curly 
dwarf (Schultz and Folsom, 1923, 1925). It has been shown that aphids 
are the principal agents in carrying these diseases of potatoes from plant 
to plant. The best means of control is the isolated seed plot and the 
use of healthy, disease-free stock. 



Fig 63 —Tubers produced under such a cheesecloth cover have given good yields during 
the seasons 1918 and 1919 while tubers from uncovered vines produced very infenor yields 
University Farm, St Paul, Minnesota {Courtesy of Krantz ) 


Another explanation of degeneracy has been commonly mentioned. 
This is the hypothesis that continued asexual propagation causes senihty 
or degeneracy. Perhaps this question may be answered for the potato 
by the consideration of a fact reported by Heribert Nilsson (1913). In 
a report of yields of 67 varieties, as tested in Sweden, he emphasized 
the fact that a variety, "Hvit Jamtlandspotatis,” which has been culti¬ 
vated more than 100 years proved to be the highest 3 delder. This is 
given as a refutation of the theory of senility. 

It has not been the intention in this discussion to lead the practical 
breeder to discard “clonal selection” as one means of obtaining high 
yields, for it is a recognized fact that seed plot methods are of much 
practical importance. The results, however, are probably not due to the 
isolation of bud mutations but ratW to the use of “disease-free” tubers 
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which have developed normally and which furnish the right conditions 
to give the resultant plants a favorable start. 

Conclusion,—In general, clonal selection does not lead to the pro¬ 
duction of new varieties of great economic importance. Bud mutations 
have been observed although many of these are changes in color. Non- 
inherited changes of important tuber characters, such as shape, occur as 
a result of unfavorable environmental conditions. Degeneration 
diseases are a frequent cause of low yields and clonal selection, as a 
means of controlling these diseases, is an important phase of potato 
improvement. 

Improved varieties may be obtained by sexual breeding as is well 
illustrated by the studies conducted in the United States during the last 
half of the nineteenth century. Sexual breeding has been used almost 
continuously in the European countries and in the early part of the 
present century more progress in this field was obtained in foreign 
countries than in the United States. 

A knowledge of the mode of inheritance of important characters, 
particularly such characters as pollen sterility furnishes evidence which 
leads to the conclusion that further improvement through sexual breeding 
methods may be expected. The first step appears to be the production of 
desirable pollen parents through selection in self-fertilized lines. Suitable 
crosses can be made and the benefits to be obtained from the vigor of 
Fi crosses can be retained in the potato because it is normally asexually 
propagated. 

The breeding studies must be conducted in such a manner that degen¬ 
eration diseases are controlled. This can be best accomplished by grow¬ 
ing the breeding stock so that it is constantly isolated from potatoes 
infested with these diseases. 



CHAPTER XIX 


BREEDING OF VEGETABLES 


INTRODUCTION 

The long periods of cultivation and the various environments to which 
many of our vegetables have been subjected, have served to increase the 
number of varieties. Most of the vegetable varieties have been produced 
by commercial seed firms or by seed growers. An examination of any 
seed catalog shows numerous new forms which are being constantly 
introduced into cultivation. There has been a marked tendency among 
seeds men to give new trade names to old standard varieties. This 
has led to a great deal of confusion in nomenclature and much difficulty 
has been experienced in varietal identification. There is need of a 
more scientific test of varieties prior to introduction and of a standardiza¬ 
tion of varieties. Considerable progress has been made in classification 
of some vegetables. More information is needed regarding the mode of 
pollination and inheritance of special characters before methods of 
breeding can be intelligently applied. In this chapter the origin of both 
cross- and self-fertilized vegetables is briefly summarized. A discussion 
is given of methods of breeding for cross- and self-fertilized vegetables 
and the inheritance of certain characters is summarized. 

Origin of Vegetables,^ —The ancient Greeks and Romans were 
familiar with some of our garden vegetables, on the other hand, many 
are of more recent origin and new varieties are being constantly intro¬ 
duced. The discovery of America introduced to civilization such 
important vegetables as the Irish potato, sweet corn, tomato, bean, 
sweet potato, pumpkin, squash, and pepper. Nearly all the other 
cultivated vegetables of temperate climate are indigenous to Europe 
or Asia. 

Sweet corn, which is one of the most highly prized foods grown in 
America, is probably of recent origin. In Bailey^s (1900) Cyclopedia of 
American Agriculture, Volume 2, page 402, the following statement 
occurs* 


^ For a complete history of the origin of vegetables see De Candolle, A., Origin 
of Cultivated Plants; Kegan, Paul, Trench & Co., London, Second Edition, 468 pages, 
1886; Hensiow, G., The Origin and History of Our Garden Vegetables and Their 
Dietetic Values, in Jour, Roy. Hart. Soc.f vols. 36 and 37, 1910-1911 and 1911-1912; 
SWBTKVANT, E. L., History of Garden Vegetables, in Am. NaturaluU vols. 23, 24, and 
1890, mi 1S9L 
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The first sweet com cultivated in America was derived from the Susequehanna 
Indians in 1779 by Captain Richard Begnall, who accompanied General Sullivan 
on his expedition to subdue the Six Nations. 


How long Zeamays saccharata had been under cultivation is not known, 
but there is considerable evidence to substantiate the belief that at least 
the main types of corn, dent and flint, were cultivated a long time before 
the discovery of America, 

Table LXXXIII taken from De Candolle (1886) presents a summary 
of the origin of some common vegetables. 


Table LXXXIII. —Origin and Antiquity of Some Vegetables 


1 

Vegetable 

Botanical name 

Probable origin 

Years 

culti¬ 

vated 

Asparagus. 

Asparagus officinalis 

Europe, west temperate Asia. 

B 

Bean, lima . 

Phaseolus lunatus 

Brazil. 

E 

Bean, common. 

P. vulgaris 

8. Am found in Peruvian tombs. 

EO) 

Beet. 

Beta vulgaris 

Canaries, Mediterranean basin. 

B 


Tops as food 

Roots as food 

western temperate Asia. 

A result of cultivation. 

B 

Cabbage . 

Brassica oleracea 

Europe 

A 

Carrot . 

Daucus carota 

Europe, west temperate Asia (?). 

B 

Celery . 

Apiuin graveolons 

Temperate and southern Europe, 

B 

Corn, sweet . 

Cucumber. 

Zea mays var. saccharata 
Cucumis sativus 

northern Africa, western Asia. 

India. 

A 

Lettuce .1 

Lactuca sativa j 

Southern Europe, northern Africa, 

B 

Muskmelon. 

Cucumis melo 

western Asia. 

India, Beluchistan, Guinea 

C 

Onion. 

Allium cepa 

Persia, Afghanistan, Beluchistan, 

A 

Parsnip . 

Pastinaca sativa 

Palestine (7) 

Central and southern Europe. 

C 

Pea, garden. 

Pisum sativum 

From the south of the Caucasus to 

B 

Pepper. 

Capsicum annuum 

Persia (?), northern India (?). 
Brazil (?) 

E 

Pumpkin . 

Cuourbita pepo 

Temperate North America. 

E 

Radish . 

Raphanus sativus 

Temperate Asia. 

B 

Salsify. 

Tragopogon porrifolium 

[ Southeast of Europe, Algeria. 

C (?) 

Spinach. 

Spinacia oleracea 

Persia (?) 

C 

Sweet potato . 

Convolvulus batatas 

Tropical America (where?). 

D 

Tomato. 

Lyoopersicum esculentum 

Peru. 

E 

Turnip . 

Brassica rapa 

Europe, western Siberia (?) 

A 

Watermelon . 

Citrullus vulgaris 

Tropical Africa. 

A 


A Speciee cultivated more than 4,000 years. 

B »- Species cultivated more than 2,000 years. 

C « Species cultivated less than 2,000 years. 

American species: 

D Cultivation ancient in America. 

S Cultivation before discovery of America, but not showing signs of great antiquity. 

.Mediods of Breeding Self-fertilized Vegetables.—Self-fertiliiied 
vegetables may be handled in the same general m a nner as other self- 
fertilised crops. Quality, yield, and disease resistance are the three most 
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important economic characters. Whether selection alone or hybridization 
followed by selection are to be used as a means of improving a crop is 
dependent upon the nature of the material. If the character combination 
is not present the only practical means of bringing it about is crossing 
followed by selection. 

Disease resistance is of outstanding importance and resistant varieties 
have been obtained both by hybridization and selection. 

Selection has been used by Edgerton (1918), of the Louisiana Agricul¬ 
tural Experiment Station, to isolate tomatoes resistant to wilt {Fusarium 
lycopersici). The improved technic followed is worthy of consideration. 
Seeds of a particular variety were planted in soil which had been sterilized 
previously and then inoculated with a pure culture of the wilt-producing 
organisms. When seedlings showed wilt infection they were pulled and 
discarded. Only plants which showed resistance were transplanted 
to the field. Tomatoes had grown continuously for eight or ten years on 
this field and it was known to be heavily infected with the wilt fungus. 
The use of this method permits a smaller acreage and insures the contaot 
of each plant with the wilt organism. A selection made from a row of 
Acme grown in 1909 named ‘‘Louisiana Wilt-Resistant^^ was extremely 
wilt resistant but possessed other characters which made it undesirable 
for Louisiana conditions. Selections from the progeny of crosses between 
this form and Earliana showed considerable promise. 

Durst (1918) reported the result of five years^ selection for resistance 
to Fusarium of tomatoes. Varieties were found to differ a great deal in 
their resistance and unfortunately the most resistant ones produced poor 
fruit. After five years, some of the better strains stood up in soil which 
proved fatal to the original varieties. In addition to disease resistance, 
the selections also showed good yielding ability. Of 74 lots grown one 
year, the highest 14 yields were produced by selected strains. 

Pritchard (1925) has made the interesting observation that tomato 
varieties resistant to wilt possess more than the average resistance to 
other diseases such as septoria blight, early blight, nail-head rust, and leaf 
mold. 

Delwiche and Renard (1926) have noted that certain selections of 
canning peas are much more resistant to root-rot than others. After 
obtaining parental types of known qualities they can be improved by 
combining within a single variety the desirable characters of two or more 
varieties. 

An interesting case of breeding beans resistant to physiological races 
of anthracnose has been given by Barrus, Burkholder, and McRostie. 
One of the most injurious diseases of the bean is anthracnose {CdUto- 
triahum lindemuthianum), 

Barrus (1918), as the result of an extensive study, was able to place 
beans iu four groups with respect to susceptibility or resistance to this 
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disease. Over two hundred varieties of beans commonly grown, besides 
many others, were tested. A considerable number of plants belonging to 
closely related genera were also examined. The cultures of anthracnose 
used for inoculating the varieties were obtained from widely separated 
geographical areas. By studying the reaction of the various cultures 
to each bean variety, two strains of anthracnose, alpha and beta, were 
discovered. With respect to their reaction to these two anthracnose 
strains, varieties of beans were placed in four groups: 

(o6) Varieties susceptible to both stram alpha and strain beta. 

(aB) Varieties susceptible to strain alpha but resistant to strain beta. 

(Ab) Varieties susceptible to strain beta but resistant to strain alpha. 

(AB) Varieties showing some resistance to both strains. 

The most resistant variety of the last group is Wells Red Kidney. 
Results of crosses between varieties whose anthracnose reactions are 
known indicate that resistance to either the alpha or beta strain is 
inherited as a simple dominant, involving but a single factor difference 
(McRostie, 1919; Burkholder, 1918). It seems, therefore, very easy to 
produce resistant varieties to both strains by crossing and selection and 
thus to combine desirable economic characters and anthracnose resistance. 

McRostie (1921) has published an interesting paper on further stud¬ 
ies of disease resistance in common beans. The more extensive results 
obtained bear out the earlier views on the mode of inheritance of resistance 
to bean anthracnose. The studies carried out show that bean mosaic 
susceptibility is inherited. In Fi there was a partial dominance of sus¬ 
ceptibility over resistance and in F 2 a segregation which indicated a 
two factor hypothesis. In crosses between susceptible and resistant 
varieties in relation to the dry root rot, caused by the fungus, Fusanum 
marUi phaseoli Burk., there was a dominance in Fi of susceptibility and 
a segregation in Fz that appeared to be on a 9:7 basis. In nearly all 
cases, resistant Fz plants bred true to this character in Fz. Results 
of this nature show the great practical importance of the application of 
Mendelian principles to breeding for disease resistance. It seems very 
likely that a large part of our most destructive plant diseases will 
be controlled eventually by the production of disease resistant varieties. 

In breeding self-fertilized vegetables by the method of hybridization, 
it is necessary to grow the crop in such a manner that individual plants 
can be studied and observations on homozygosity obtained. Methods 
used will depend upon the nature of the crop. In the breeding of canning 
peas the crosses and selections from crosses are grown on wpven wire 
supports until the lines appear homozygous (Delwiche and Renard, 1926)* 
Standard sorts are grown as a means of estimating homozygosity of the 
new selections. In addition, the nursery remains in the same location 
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for several years so that there is a good opportunity for the elimination 
of strains with high disease susceptibility. 

It has been observed by several workers that various types of rogues’' 
appear in cultures of peas. These off-types are of various kinds. Fre¬ 
quently the types have smaller, narrower leaves and pointed stipules. 
These types give only rogues the following generation. There are also 
intermediate types of rogues which do not breed true but give progeny 
consisting of rogues, intermediates, and non-rogues. Brotherton (1923, 
1924) has reviewed the work of Bateson and Pellew. These workers 
found that the progenies of seeds from upper nodes contained fewer 
rogues than the progenies of seeds from the lower nodes. Brotherton 
offered a factorial explanation for the results he obtained in a study of 
rogues in the Gradus variety. The appearance of off types is assumed to 
be due to a mutation of a single factor x to X. In croses between rogues 
and Gradus the Fi generation consisted almost entirely of rogues, the 
Gradus type very rarely appearing. This result is explained by assuming 
that the heterozygous condition {Xx) is very unstable and that there is 
a marked tendency to mutate into the XX condition and hence at gameto- 
genesis only an occasional x gamete is produced. 

Delwiche and Renard (1926) have discussed various types of rogues 
which they observed. Later-blossoming, indeterminate-growing plants 
were observed among other types. They state that varieties differ 
widely in the percentage of rogues thrown and that rogues are most 
frequent in early varieties. 

When mutations such as these occur, roguing is very important. 
Field roguing is considered the most desirable method of procedure by 
Delwiche and Renard. 

INHERITANCE OF SOME CHARACTERS OF SELF-FERTILIZED 

VEGETABLES 

PEAS 

Some Classification Characters,—Considerable historical interest 
attaches to the pea because of the fact that in studying the inheritance of 
certain characters in this plant Mendel discovered his now famous princi¬ 
ples. Garden peas (Pisum sativum) are of two kinds, shelling and edible- 
pod, In the former, seeds only are used as food, while in the latter both 
pods and seeds may be so utilized. By far the greater part of the garden 
peas grown belong to the shelling group. Commercial varieties of garden 
peas are classified on the basis of habit of growth—climbing, half-dwarf, 
and dwarf; and length of time to mature—early, medium, and late. 
Peas of the early varieties may be round or wrinkled. Most of the medium 
and late maturing varieties belong to the sugar peas, which have wrinkled 
seeds when mature. Size of pod is another important classification 
eharaeter. Bipened pods may be infiated or somewhat constricted. 
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Inheritance in Peas.^ —Peas have been subjected to rather extensive 
genetic analyses, hence more is known concerning inheritance in this 
vegetable than in most of the others. In general, the known facts 
regarding the manner of transmission of characters in peas is in accord¬ 
ance with the chromosome theory of inheritance. 

Color. —There are a number of genes which influence the development of color and 
many of them interact in a somewhat complicated way. In Table LXXXIV are 
listed a number of genes together with a brief statement of their function. 


Table LXXXIV,— Important Color Genes in Peas 


Gene 

Function 

A 

Fundamental color factor 

Ar 

Reddemng fac tor 

A, 

Partial inhibitor of flower color 

B 

Bluing factor 

D 

Color in leaf axil (Allelomorphs and d) 

Pi 

Color in pods 

H 

Orange seed coat 

M 

Brown marbling of seed coat 

F j 

Purplish spotting on seed coat 

U 

Self-colored violet seed coat 

Ok 

Inhibitor of red seed coat 

® 1 

Normal seed (A Q fundamental for seed-coat colors and indent seed) 

n ! 

Grayish black spots around “eye’’ 

Mj, 

Partly inhibits effect of qq 

P. 

Black “eye” 


No attempt will be made here to discuss fully the interaction of the factors listed in 
Table LXXXIV. A few examples only are mentioned for purposes of illustration. 
For a more complete treatment the student is referred to the literature cited. 

The fundamental color gene A alone produces light purple flowers, together with 
D or a somewhat faint, reddish violet leaf-axil, together with Pi a violet pod, 
together with Q a brown or black ^‘eye'’ with indent seed, together with Q and On 
a light brownish seed coat, together with Q and F a weak, violet spotting on the seed 

1 Summaries by Write (1917) and by Wellensiek (1925a) have been freely used 
in the following discussion. 


Fig. 64.—Flower structure of pea. 

1. A single flower— a, petals of calyx; 5, side view of corolla. 

2. Front view of fully open flower—a, petal of calyx; b, standard; c, wing; d, keel. 

3. The sexual organs removed from the bud. {Adapted from MuUer.) a, Filament; 
6, anther; c, style; d, stigma hairs. 

4. 5. Anthers. 

6. Cross section ovary. 

9. Itongitudinal section ovary. 

Bixe: 1, ^n; 2, %n; 3, greatly enlarged; 4, 6, lOOn; 6, greatly enlarged; 7, 8n; 8, 40»; 
9,40n. * 
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coat and together with M a brown marbling of the seed coat. The recessive allelo¬ 
morph (a) of the A gene when in a homozygous condition produces white flowers, 
imcolored leaf axils, green or yellow pods, white or black ^'eyes'’ (never brown), prac¬ 
tically uncolored seed coats, and non-indent seeds. The character “indent seed’’ 
should not be confused with wrinkled. The former is a seed coat, the latter an 
embryonic character. 

Height. —Mendel obtained monohybrid segregation with respect to height of 
plant. In a reciprocal cross of the varieties Autocrat and Bountiful, it has been 
suggested (Keeble and Pellew, 1910) that the inheritance of the character tallneijs 
involved two factor differences, one for length of internode and one for thickness of 
stem. On the other hand. White (1918) found height of plant dependent upon length 
and number of intemodes. He explained his results on the basis of two genes for 
length and three for number of internodes. The results obtained by Tedin and Tedin 
(1923) in general corroborated those obtained by White. 

Earliness. —The number of sterile nodes below the first flower influences earliness 
as has been pointed out by Wellensiek (19256). Tedin and Tedin (1923) found one 
main factor and several modifiers for number of sterile nodes. Hoshino (1915) and 
Wellensiek (19256) both explain the inheritance of earliness on a two-factor basis. 

Bloom. —Many strains of peas have a wax-like covering extending over nearly 
the entire surface of the stem and leaves. This glaucous condition is a dominant 
character and its inheritance is controlled by a single gene. 

Fasdation is a recessive character that is apparently controlled by a single-factor 
difference. 

Chlorophyll. —Green foliage is dominant to yellow and apparently controlled by 
a single gene. At the Svalbf Experiment Station, progenies of single plants have on 
several occasions produced 3 green: 1 white seedlings (Tedin unpublished data). 

Leaf Characters. —Several leaf characters which give monohybrid segregation in 
Ft have been reported. Reduced stipules (Pellew and Sverdrup, 1923), non-tendrilled 
leaves (White, 1917), dentate leaf margins (Wellensiek, 1925a), and grey spotting of 
the leaves (Tedin and Tedin, 1925) are each controlled in their inheritance by a single 
factor difference. 

Keeled wingsy an abnormal flower character reported by Pellew and Sverdrup 
(1923) owes its expression to a recessive gene. 

Pod Characters. —Pods with a blunt apex are dominant to pods with an acute apex 
and their inheritance is best explained on the basis of a single-factor difference. 
Wellensiek (19256) and White (1925) found normal, straight pods incompletely 
dominant over “upward curved” pods. The segregation obtained indicated mono¬ 
hybrid inheritance. The most thorough genetic analysis of the character “parch- 
mented pod” is that made by Wellensiek (19256). The results are explained on the 
basis of two factors, P and F. P alone produces a very thin parchment membrane but 
with V it produces a thick membrane. Vilmorin (1910) and Nohara (1918) obtained 
similar results. In the Ft generation of certain crosses a ratio of 9 plants with parch- 
mented pods: 7 plants with non-parchmented pods was observed. Wellensiek (1925c) 
also made a genetic analysis of thickness of pod wall. The character thin wall was 
found dominant to thick wall and dependent for its expression on a single gene. 
The inheritance of pod color is best explained on a monofactorial basis with green 
dominant to yellow. 

Seed Characters .—Mendel found yellow cotyledons dominant to green and depend¬ 
ent OB a single factor difference for its expression. White (1917) reported a reoesifive 
yellow cotyledon color. Smooth seed (cotyledons with low water absorption capacity 
and simple oblong starch-groins) differs from wrinkled seed (cotyledons with high 
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water absorption capacity and round split starch grains) in one genetic factor with the 
former character dominant. The character known as chenille” i.e., the tendency 
for peas in the same pod to stick together, is recessive and monohybrid in its 
inheritance. 

Linkage .—Evidence of linked inheritance in peas has been obtained by several 
investigators although to date there is but one linkage group which is known with 
certainty to contain more than two factors. Wellensiek obtained evidence that the 
genes B (purple flower color), Cp (straight pod), and Bt (Blunt pod apex) are linked 
and also that the genes Gp (green pod), Cp, and N (thin pod wall) are linked. These 
two groups were subjected to a three-point test and it was found that in both cases 
the results agreed very well with those which have been obtained in Drosophila and 
corn. Since the factor Cp is common to both linkage groups one would of course 
expect that all the factors are carried in the same chromosome. Certain other factors 
which are thought to be located in this chromosome have given rather puzzling results 
and more evidence is needed to clear up the matter. Kappcrt (1924) studied a hybrid 
which segregated with respect to ten character-pairs and found that only two pairs 
were inherited as if they were linked. Kappcrt attributes his results to a high per¬ 
centage of crossing-over in peas. Ilammarlund, whose investigation is reviewed by 
Wellensiek, in one instance found two factors that were closely linked and in another 
instance these same factors showed independent inheritance. On the whole it seems 
as if linkage relations in peas were somewhat complicated and much more evidence 
is needed before trustworthy conclusions may be reached. 


BEANS 

Some Classification Characters.—The species^ of garden beans most 
commonly grown are Phaseolus vulgaris and P. lunatus. The former is 
divided, into snap and shell beans, although there is some overlapping in 
these groups. Shell beans are sometimes used as snap beans and vice 
versa. Time required to mature, habit of growth, whether climbing or 
bush, and size of plant are characters always described by commercial 
seedsmen. Length of bearing period is also an important character. 
Commercial growers sometimes desire varieties which may be harvested 
in a few pickings but for the home and general gardener, a variety with 
a longer bearing period is usually preferred. Size and shape of pod, 
number of seeds per pod in the case of snap beans, quality and color of 
the pod, are used in classification; with snap beans, stringless, fleshy, 
fine-grained pods are most desirable. The ease with which dry shell 
beans may be thrashed is of economic importance. In this group, 
color, size, and shape of seeds are usually included in varietal descrip¬ 
tions. Both productivity and disease resistance may differ strikingly 
in different varieties of beans, 

' For a dbeussbn of the classification of garden beans and a description of varieties 
see Tbaot, W. W., American Varieties of Garden Beans, U. S. Dept. Agr., Bur. Plant 
ludast. BtiUi 109,173 pages, 1907; Jarvis, C. D., American Varieties of Beans, Cornell 
AlEr. Kaep. Sta. Bvtt. 260: 149-255: 1908. 
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Inheritance.—Genetic studies of the garden bean have been somewhat 
less extensive than those of the pea. Several investigations dealing with 
the inheritance of color, size characters, and disease resistance have been 
reported. 

Seed Coat. —Seed-coat color has been shown by Shaw and Norton (1918) to involve 
several factor differences. The work was carried on with 21 varieties including more 
than 40,000 plants. Crosses between mottled and self-colored varieties yielded mot¬ 
tled beans in Fi and showed 3:1 ratios in F 2 . Mottled X white varieties gave mottled 
in Fi, and in F 2 the ratio of 9 mottled: 3 self-colored: 4 white usually resulted. It was 
demonstrated that pigment patterns and pigment colors were controlled by distinct 
factors. All plants with white or eyed beans bore white flowers while plants with 
mottled or self-colored beans usually bore pink flowers. 

More recently, Sirks (1922) has investigated the inheritance of seed-coat color in 
P. vvlgaris and P. mvltiflorus. Light mottling was found recessive to black mottling 
and also to solid black. White behaved as a recessive character. In some cases, 
segregation obtained with respect to color was simple and in other cases more complex. 
On the basis of his own and other work, Sax makes the following factorial explanation 
of seed-coat inheritance. 

P is necessary for pigmentation 

T, an extension factor for total pigmentation, the recessive of which results in a 
partially pigmented or eye bean 

Y and Z are factors in the same chromosome which together result in mottling. 
Y and Z may also exist separately in non-mottled beans and, when brought together 
in crosses, give mottled beans which seldom, if ever, become homozygous for mottling. 

Other factors control type of mottling and color of pigmentation. 

Height. —The inheritance of stature in beans, as in peas, is in some crosses depend¬ 
ent on a single factor difference while in other crosses several factor differences are 
involved. Emerson (1916) has explained the result of crossing a tail-pole (indetermi¬ 
nate growth) bean and a short bush (determinate growth) bean or a short pole bean 
and a tall bush bean, by a three-factor hypothesis. The following values to be added 
to an initial value of three intemodes were assigned to the factors: Factor A either 
homozygous or heterozygous added ten intemodes approximately, while factors B and 
C each added two intemodes when homozygous and one when heterozygous. Results 
were explained factorially as follows: 


Parent 1. AABBCC = 17 intemodes or AAbhcc « 13 intemodes 

Parent 2. aahbcc = 3 intemodes or aaBBCC = 7 intemodes 

Fi...... AaBbCc *= 15 intemodes or AaBbCc = 1^6 intemodes 


Many new forms would naturally be produced in F*. 


Fig. 65. —Flower structure of bean. 

1. Small branch showing—a, developing pod; 5, c, flowers in different stages of 
development. 

2. Front view of fully opened flower—o, calyx; 6, wing; c, standard; d, keel. 

3. Enlarged keel. 

4. Keel with outer part broken away to show—&, style; c, anther; d, undeveloped pod; 
e, ovary. 

5. 6. Longitudinal and cross section of pod. 

7. Enlarged stigma showing—^o, stigma hairs, 

S. Anther. 

Bize: L n; 2, about 2n; 3 to 8, greatly enlarged. 
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FlowerSy Pods and Seeds .—Tschermak (1916) has brought together and summarized 
the data on the inheritance of economic characters in the garden bean. Table 
LXXXV is made up from his summary. 


Table LXXXV.— Inheritance in the Bean 


Contrasted characters 

Fi condition 

Fi behavior 

Colored X white (flowers) 

Colored 

3 1 

Green X yellow (unnpe pods) 

Green 

3 1 

Non-constncted X constricted (pods) 

Non-constncted 

3 1 

Round X flat (pods) 

Round 

3 1 

“Non-stnnginess” X “stringy” (pods) 

Intermediate or approaching 
non-strmginess 

Stnngy pods recessive (1 
out of 4) 

Blunt X sharp (pod ends) 

Approaches blunt 

Approaches 3 1 

Broad X narrow (pods) 

Approaches broad 

Segregation irregular 

Long X short (pods) 

Approaches long 

Segregation irregular 

Cylmdncal X spherical (seeds) 

Approaches cylindrical 

Segregation irregular with 
sphencal seeds constant 

Cylindrical X kidney-shaped (seeds) 

Approaches cylmdncal 

Segregation irregular with 
kidney-shaped seeds con¬ 
stant 

Yellow X green (cotyledons) 

Yellow (apparent on crossed 
seed) 

3 1 (segregation apparent 
on Fi plants) 


Linkage .—The number of diploid chromosomes in P. vvXgans and P. lunatusy as 
determined by Karpechenko (1925), is twenty-two. Some interesting cases of linkage 
between seed-coat colors and size of seed have been reported by Sax (1923, 1924). 
In a cross between Improved Yellow Eye and Small White, the P 2 generation showed 
simple 3 :1 ratios for pigmented vs. white, mottled vs. self-colored, and completely 
pigmented vs. partially pigmented or eyed. The white segregates were lighter m 
weight on the average than the pigmented segregates, thus indicating that some of the 
differences in average seed weight are dependent on size factors inhented in a simple 
Mendelian manner. The discovery of this linkage relationship is of considerable 
importance as it shows that a quantitative character may be inherited in the same 
way as a qualitative character. 


TOMATO 

Classification.—The tomato belongs to the genus Lycopersicumj of 
which there are^several cultivated species. Tomatoes are classified on 
the basis of vine habit, either standard or dwarf, leaf type, period of 
maturity, size and color of fruits, and other characters. As a result of 
breeding experiments, many different combinations of characters have 
been made. A classification of tomatoes based on the inheritance of 
fruit shape has been suggested by Warren (1923). As a result of crossing 
several varieties two complimentary factors governing depth and two 
other complimentary factors governing non-fasciation of fruits were 
discovered. 

Inheritance.—Price and Drinkard (1908) were among the first 
investigators to report on the simple Mendelian behavior of certain 
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tomato characters. Several genetic studies of this important vegetable 
have been made since, some of which are mentioned below. 

Miscellaneous Characters. —Table LXXXVI, taken from similar ones compiled 
by Tschermak (1916) and Jones (1917), presents a brief summary of inheritance in the 
tomato. Fruit shape is dependent on several factors according to Crane (1915), 
Groth (1912, 1915), and others. Some of the foliage characters are also somewhat 
complicated in their inheritance (Groth 1911). The inheritance of each of the other 
characters listed in the table is dependent on single factor differences, the Fa segrega¬ 
tion ratio being 3:1. 

Heterosis in the Fi generation of certain tomato crosses and its commercial possi¬ 
bilities for increased production have been pointed out by Wellington (1912), Hayes 
and Jones (1916), Frimmel (1925), and others. Groth, of the New Jersey State 
College Experiment Station, made a study of size inheritance in the tomato fruit. 
The results are explained by what the author (1914) terms Golden mean.’’ If a and 
h represent the respective magnitudes or volumes of size characters of the parents, the 
the Fi is represented by rather than (a + h)/2. This hypothesis was put forward 
as non-Mendelian and in explanation of results in size inheritance frequently attrib¬ 
uted to multiple factors. Emerson (19146) has shown that the hypothesis is essen¬ 
tially based on multiple factors. The studies of Frimmel (1922) and Myers (1924) 
also indicate that the inheritance of size of fruit in the tomato is somewhat 
complicated. 


Table LXXXVI.— Inhekitance op Characters in the Tomato 


Characters 

Dominant 

Recessive 

Fruit shape. 

Spherical 

Pear-shaped 

Fruit shape. 

Roundish conical 

Roundish compressed 

Loculation of ovary. 

Two-loculed 

Many-loculed 

Endocarp color. 

Red 

Yellow 

Epicarp color. 

Yellow 

Colorless 

Fruit surface. 

Smooth 

Pubescent 

Leaf margin. 

Serrate (normal or fine 

Entire (potato or coarse 


leaf) 

leaf) 

Leaf type. 

Pimpinellifolium type 

Esculentum type 

Leaf col 9 r. 

Green 

Yellow 

Inflorescence type. 

Simple 

Compound 

Vine habit and leaf surface. 

Standard, smooth 

Dwarf, rugose 

Height of plant. 

Tall or normal 



Linkage.—The diploid number of chromosomes in the tomato is 24 and therefore 
one would expect to not more than 12 linkage groups. Lesley and Mann (1925) 
have reported two cases of triploidy. The plants appeared normal with the exception 
of a tendency toward giganti^. The fruit of the triploids were small and contained 
few seed. 

It has been pointed out by Jones (1917) that the data of Hedrick and Booth 
(1907) and Price and Drinkard (1908) show linkage relations between the factors for 
vine habit and fruit shape and also between those for leaf color and loculation of ovary. 
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An interesting case of linkage between the inheritance of color and size of fruit 
has been studied by Lindstrom (1926). There are two main factor pairs which govern 
fruit color in tomatoes, Rr and Yy. The dominant R factor produces red flesh and 
the recessive r yellow flesh. The dominant Y produces yellow pigment in the epi¬ 
dermal cells and the recessive gene y gives a colorless condition in these cells. These 
two factors pairs are inherited independently but the Yy factor pair is closely linked 
with size of fruit. The relationship is shown in Table LXXXVII, taken from 
Lindstrom. 


Table LXXXVII.— ^Linkage between the Inhehitance of Size and Color of 
Epidermis of Fruit in the Tomato 


Name 

Skin color 

Differences 

Yellow (F) 

Colorless (y) 

N 

Average weight, 
grams 

N 

Average weight, 
grams 

Red cherry (RRYY).. 


7.3 ± 0 3 




Golden Beauty (rryy). 




166.5 ± 6.4 


F 2 generation. 

75 

23.6 ± 0 6 

24 

38 3 ± 2 1 

14 7 ± 2 2 

Fi X Golden Beauty.. 

33 

51.2 ± 2.0 

27 

79.2 ±2.8 

28 0 ± 3.4 


The average weight of the fruit of the Fi generation of the cross was 23.9 ± 0.4 
grams which indicated a partial dominance of small fruit. Both the F 2 genera¬ 
tion and the backcross with the Golden Beauty parent show a marked association 
between the y genes and relatively large fruit. 

Evidence is also given which indicated that possibly there was some linkage 
between the inheritance of fruit size and the Rr factor pair. 


PEPPERS 

Classification Characters and Inheritance.—Garden peppers which 
are commonly grown for pickles or for condiments belong to the species 
Capsicum annuum. From the standpoint of their utilization as food, 
peppers may be divided roughly into two groups—hot and mild, depend¬ 
ing on flavor. Mild peppers are frequently used green for slicing or 
stuffing, whereas hot peppers more often serve as a condiment in spice 
mixtures. Number of days to mature is usually given by seedsmen in 
describing varieties. Color, size, shape, and uniformity of fruit are 
other important commercial characters. 

A limited number of inheritance studies with this vegetable have been 
made. Webber (1911) and Ikeno (1913) report the behavior of certain 
characters in the second generation after a cross. Below is given a 
tabular summary of a part of the results obtained. 
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Table LXXXVIII. —Inheritance in the Pepper 


Contrasted characters 

Fi condition 

Fz behavior 

Violet X white (flower). 

Violet (considerable 
variation in amount of 
violet coloring) 

3:1 




Violet flower associated with violet coloring in leaf-stem and ripe fruit. 

White flower associated with green leaf and stem except for a dark spot near attach- 


ment of petiole. 

Umbel X non-umbel (inflorescence)... 

Non-umbel 

3:1 

Red X orange (ripe fruit). 

Red 

3:1 

Pubescence X non-pubescence (stems 

Less hairy than hairy 

15 pubescent: 1 

and leaves) 

parent 

non-pubescent 

Pungent X sweet (fruit). 

Pungent 

Approx. 3:1 


In the inheritance of size of leaf, Webber obtained results which 
clearly indicated that several factor differences were involved and a like 
result was obtained by both Webber and Ikeno with regard to size of 
fruit. The character of the peduncle, whether erect or recurved, was 
found by Ikeno to be dependent on a single factor difference, erect being 
the recessive condition when the fruit had ripened. During the flowering 
stage and early development of the fruit the heterozygous individuals for 
this character-pair showed dominance for the erect peduncle. 

CROSS-FERTILIZED VEGETABLES 

Cross-fertilized vegetables may be roughly divided into three main 
divisions: 

1. Those which are normally cross-pollinated but which set seed 
freely on selling and show little or no evidence of sterility. 

2. Those which are wholly or partially self sterile. 

3. Those which are cross-fertilized owing to the dioecious condition. 

Much more study of the mode of pollination of vegetables is necessary 

before it is possible accurately to classify vegetables according to their 
mode of reproduction. Illustrations are given here of breeding methods 
and results obtained for the different groups. 

Some Illustrations of Methods and Results of Breeding.—The breed¬ 
ing of cabbage resistant to yellows {Fusarium conglutinans Wollenw.) 
at the Wisconsin Experiment Station (Jones and Gilman, 1915) is of 
great economic importance. Less than a decade ago, truck farmers in 
certain sections of Wisconsin were so discouraged from the ravages of 
yellows that they were about to abandon cabbage growing. The method 
of producing resistant cabbage strains may be briefly summarized. It 
had been noticed that there were usually a few plants which escaped the 
disease in a field where nearly all plants were badly infected with the 
organism. These apparently resistant plants were selected on the basis 
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of type. After storing over winter, all that were of the same general 
type were planted together and were far enough removed from any other 
similar planting to insure against contamination by foreign pollen. 
Selfed seed was not obtained but most plants not bagged set seed abun¬ 
dantly. Some plants were eliminated because of low seed production. 
Progeny of the retained plants were grown separately and their resistance 
to yellows was tested. In this way several strains of cabbage highly 
resistant to yellows have been produced. Further studies have been 
reported and numerous resistant varieties have been produced (Jones 
et aLj 1920). The writers emphasize the fact that resistance is not absolute 
and that environmental factors influence very markedly the develop¬ 
ment of the disease. They state, however: 

By following the proper methods any skilful cabbage grower who has 
Fusarium sick soil may either undertake with reasonable confidence to develop a 
resistant strain of his own, or having secured one of these resistant strains he can 
maintain its resistance and produce his own seed. 

Mass selection is often used in breeding beets. Only those roots 
which come up to an adopted standard are stored over winter and set 
out the following spring to become the seed-producing plants. Carrots 
and parsnips, when bred by mass selection, are handled in a similar 
manner. Although varieties of any one of the crops, beets, carrots, or 
parsnips, freely intercross, there is no crossing between the three different 
kinds of vegetables (Malte and Macoun, 1915). This fact may be utilized 
in making planting plans. 

Line or family breeding has been used also in the improvement of this 
class of crops. In this method, progenies of individual plants are studied 
and pollination is controlled partially by planting material of a similar 
nature in the same plot. 

Breeding sugar beets by controlled pollination was begun at Svalof, 
Sweden, in 1914, and the first really successful isolations were harvested 
in 1916 (Nilsson, 1922, 1923).^ 

The percentage of lines breeding true for morphological characters 
or only segregating in one character after the first selling was about 45. 
In general, the seffed lines gave a somewhat lower yield than the standard 
sorts, although a number of them proved to be as high yielding after 
five geuerations of seliSug as the best of the normally pollinated varieties. 
In many hundreds of investigated beet and mangel strains, less than 5 
per cent showed signs of so-called degeneration. Fertility was inherited 
and strains with high self-fertility produced larger and better developed 
seeds than partially self-sterile strains. 

Each botanical species of the Cumrhitacem constitutes a freely inter¬ 
crossing group of varieties. The flowering habit encourages croseh 

^ From summaries made by O. NiL 8 soir-l 4 BissN»». 
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fertilization. In spite of these facts the authors believe that in some causes 
progress may be made by breeding methods recommended for self- 
fertilized crops or more specifically for crops which yield ample seed on 
selfing. When such a plan is adopted for naturally cross-fertilized crops 



Fig 66 —A strain of Hubbard squash isolated by self-fertilization which is comparatively 
uniform for the production of large fruits of uniform shape. Minnesota Exp. Sta. {Cour¬ 
tesy of BushneU.) 


it becomes necessary to insure selfing by artificial means. By reducing 
ordinary varieties to pure lines, a much more exhaustive study of the 
material at hand may be made, and on the basis of this study desirable 
combinations obtained by hybridization or pure lines of commercial 
value may be isolated. The method which is adopted after the isolation 



Fia. 67.—A small fruited strain isolated from a commercial variety of Hubbard squash by 
self-fertilizaHon. Minnesota Exp. Sta. {Courtesy of BushneU.) 


of homozygous lines through self-fertilization will depend on the degree 
in which vigor is lost as a result of selfing. Relatively homozygous lines 
have been isolated in squashes by BushneU (1922) of the Minnesota 
station, and by Sinnott and Durham (1922) of the Connecticut Experi¬ 
ment Station. Some lines vdiich are cmnparatively uniform appear 
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vigorous while others are less vigorous. Types for markedly different 
characters which are relatively uniform have been isolated. 

In some cases, varietal crosses have been used as a means of producing 
improved sorts. One of the most serious handicaps to the production 
of watermelons in the Southern States is the presence of wilt, due to an 
organism, Fusarium niveum, Citron^’ or stock melon,so-called 
locally, is a non-edible variety of Citrullus vulgaris resistant to wilt. 
Orton (1911) conceived the idea of crossing this form with edible forms. 
He hybridized Eden, a good quality melon, with citron. The Fi was 
very vigorous and of intermediate type. Between 3,000 and 4,000 F^ 
plants were grown and 10 fruits selected on the basis of resistance and 
quality. After selecting the resultant progeny for several years the 
variety Conqueror was isolated. It is disease resistant, has a tough rind, 
and does not sunburn easily. The flesh is juicy and of good quality, 
although not equal to the finest. These studies were made in South 
Carolina. It was found that Conqueror retained its resistance when 
grown in Iowa but seemed to lose it when grown in Oregon, on the Pacific 
coast. It is possible that there are physiological forms of this disease 
similar to what have been found for other diseases. If such is the case 
the differences in susceptibility under the two conditions would result 
from the presence of different physiological forms of the pathogene. 

Asparagus {Asparagus officinalis) is dioecious in habit of flowering 
although hermaphrodite plants have been discovered (Norton, 1911~ 

1912) . With this vegetable, cross-pollination is usually necessary for 
seed production. 

The fungus, Puccinia asparagi, has occasioned a great deal of alarm 
among commercial asparagus growers, particularly those of the eastern 
United States. This rust differs from that occurring on the small grains 
in that all stages of the rust occur on the asparagus plant. At the invita¬ 
tion of Massachusetts growers, the United States Department of Agri¬ 
culture, in cooperation with the Massachusetts Agricultural Experiment 
Station, undertook to produce a resistant variety. Norton (1911-1912, 

1913) has reported on this investigation. Because of the dioecious habit 
of asparagus it was necessary to select two kinds of plants—male and 
female. Selections were based on rust resistance, i.c., only plants which 
showed a high degree of resistance were chosen. In 1909 the first test of 
the transmission of relative rust resistance was made. Twelve lots 
saved from as many plants showing various degrees of rust resistance 
were planted in duplicate in short rows. After the young shoots appeared 
they were dusted several times with fresh uredospores. Later in the 
season observations were made on the degree of infection. The results 
are given in Table LXXXIX (Norton, 1913). 

Table LXXXIX shows clearly that rust resistance is inherited* 
Various artificial crosses were made between forms showing rust 
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ance. The progeny of some of these crosses proved highly resistant 
and in some cases were more resistant than the parents. By this method 
several strains of asparagus with a high degree of resistance have been 
produced. In the production of a new form a male plant obtained in 
1910 from a lot of New American of unknown origin proved of marked 
ability in transmitting vigor and rust resistance to the progeny. The 
female plants known as Mary and Martha were selected from the variety 


Table LXXXIX.— Transmission of Rust Resistance in Asparagus 


Row 

Source of seed 

Type of plant 

Rank seedlings in 
resistance 

First 

lot 

Second 

lot 

Average 

1 


Badly rusted, near rusty bed. . . 

7 

9 

8.0 

2 

^3-61 

Very resistant female. 

6 

5 

5.5 

3 

A4~7 

Resistance good. 

3 

7 

5.0 

4 

A4-17 

Resistance fair. 

10 

8 

9.0 

6 

^7-5 

Resistance good. 

4 

3 

3 5 

6 

A7~15 

Resistance good. 

2 

4 

3.0 

7 

A7-25 

Resistance good. 

5 

2 

3.5 

8 

R24-27 

Very rusty. 

11 

10 

10.5 

9 

1 524-28 

Very rusty. 

9 

11 

10.0 

10 

Old field 

Rusty. 

12 

12 

12.0 

11 

Old field 

^ Resistant. 

8 

6 

7.0 

12 

Frank Wheeler 
old bed 

Best resistant female. 

1 

1 

1.0 


Reading Giant. Two or three other females have been selected and the 
crossed seed obtained from these selected plants has been distributed 
under the name Washington asparagus (Norton, 1919). Some of these 
strains are now being offered for sale by commercial seedsmen. 

Norton suggests the following method for breeding asparagus: after 
two mated plants have proved their value by the progeny test, they 
should be dug up and propagated by crown division. These clones are 
isolated together and retained exclusively as breeding stock. Isolation 
may be accomplished by a fine-meshed cage to prevent the entrance of 
bees or by planting at a safe distance from other beds of asparagus. 
Producing seed in a greenhouse by hand pollination also has been found 
successful. 

Spinach, like asparagus, is dioecious but, unlike asparagus, staminate 
and pistillate plants do not occur in approximately equal numbers 
(Zwann, 1925). In addition to staminate and pistillate plants, her- 
maphroditea also occur. One strain was observed producing as high as 98 
par cep^ staminate plants. Climatic conditions seem to influence the 
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relative frequency of occurrence of staminate plants. A strain has been 
isolated by Zwann which is apparently a pure hermaphrodite. 

As a result of crossing Manchuria with Savoy, a new variety (Virginia 
Savoy) of spinach which is resistant to mosaic has been produced (Smith, 
1920, 1921; Geise, 1924). In addition to disease resistance this new 
variety possesses desirable market qualities. 

INHERITANCE OF CHARACTERS IN CROSS-POLLINATED PLANTS 

RADISH 

Origin, Inheritance, and Breeding.—The cultivated radish, Raphanm sativitSj 
was grown by the ancient Greeks and Romans. There has been considerable discus¬ 
sion as to its origin. Some writers have thought that the cultivated form with its 
fleshy root arose directly from R. raphanistrum. This belief was apparently sub¬ 
stantiated by experiments in which the wild form was grown under cultivation and 
after several years cultivated radishes were obtained. Riolle (1914) tested this 
hypothesis by a controlled experiment. The wild form was grown under cultivation 
and self-fertilized. Three years of selection failed to produce roots which resembled 
the fleshy roots of R. sativua. On the other hand, when the wild and cultivated forms 
were both grown on the same plot and seed was saved from the wild form, it was found 
to be an easy matter, after three years’ selection, to obtain roots which resembled the 
fleshy roots of R. sativus. These results were believed to be due to natural crossing of 
the wild and cultivated forms. This hypothesis was tested by making an artificial 
cross. Segregation for root condition occurred in F 2 . This led Riolle to conclude 
that former experiments in which cultivated radishes were obtained from the wild 
through selection were best explained through natural crossing. 

A successful cross waa made between R, sahviLs 9 and Brassica oleracea cf by 
Karpechenko (1924). The Fi generation bred inter se as well as back-crossed with 
each parent proved wholly sterile. Mitosis apparently took place in a normal 
manner but at meiosis the chromosomes failed to pair and were distributed at random 
to either pole. 

R. sativus roots contain sugar while wild roots contain no sugar. Fi crosses 
contain less sugar than the cultivated forms. The presence of starch in the root of 
the wild radish, particularly in the bark, is a character which separates it from the 
cultivated varieties. This proved a donainant in crosses. Cultivated radishes show 
various color intensities. Color is apparently inherited in much the same manner 
as in other crops. Individual radish plants were grown under cover by Riolle and 
self-fertilized seed was produced in abundance. This led Riolle to suggest that homo¬ 
zygous strains be first produced. These would then furnish material for accurate 
inheritance studies as well as be of much value for economic breeding purposes. On 
the other hand, Stout (1920) has stated that there is considerable self-sterility in 
the cultivated radish. Up to the present, mass selection has been most frequently 
used as a means of breeding radishes (Tschermak, 1916). 

BEETS^ 

Both garden beets and sugar beets belong to the species Beta vulgans* Kajanus 
(1913) made a study of the inheritance of root forms in mangels and sugar beets. 

1 In a recent monograph, Vilmorin (1923) has presented the results of a study of the 
origin, history, classiflcation, and genetics of the cultivated beets triHt jps^ular 
reference to the sugar beet Eor a detailed study ^e stodeut is referred to 
memograph. 
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In general, the Fi roots were intermediate between the parental forms. Sugar beet 
crosses in which wedge-shaped forms were involved proved to be exceptions. Wedge- 
shape was completely dominant over walnut-form and also over long, somewhat slen¬ 
der roots (post-shape). The other beet shapes studied were oval and round. Most 
of the ratios obtained in Fi could be satisfactorily explained on the basis of four 
factors—two involving length of root and two concerned with form. 


CULTIVATED VEGETABLES OF THE GENUS BRASSICA 

Cabbage and several other vegetables such as cauliflower, brussels sprouts, kohl¬ 
rabi, and rutabagas, belong to the genus Brassica. Few inheritance studies have 
been made with this group of vegetables. Cabbage has received more attention from 
a breeding standpoint than the others. 

Tschermak (1916) main tarns that many of the kinds of vegetables belonging to 
the cabbage group freely intercross w'hen in close proximity at blooming time. A few 
Brassica crosses have been reported by Ragionieri (1920). Vigorous first-generation 
hybrids were obtained from crosses between white turnip, B. rapa, and Chinese cab¬ 
bage, B. chinensis var. Pe-tsai. On the other hand, crosses between the latter and 
some of the other Brassicas set no seed. 

Price (1911-1912) and Jones and Gilman (1915) were not able to produce self- 
fertilized seed under a bag. Tschermak (1916) maintains that many of the kinds of 
vegetables l^elonging to the cabbage group freely intercross when in close proximity 
at blooming time. The above facts are fundamental and show the method of breed¬ 
ing which must be used. They may also aid in explaining some unusual inheritance 
results. 

Price crossed varieties of crinkled-leaf and smooth-leaf cabbage, obtaining domi¬ 
nance for crinkled leaf in Fi with no segregation of tlujs character in Fa, i.e., all plants 
(419) had crinkled leaves. With respect to size, shape, and solidity of heads, color of 
foliage, and length and thickness of stem, considerable more variability was obtained 
in Fa than in Fj. The segregation among the progeny of a natural hybrid observed 
by Kristofferson (1921) indicated dihybrid inheritance with respect to color of midrib, 
but more complex inheritance with respect to other characters. In some cases trans¬ 
gressive segregation was obtained. Some strains of cabbage when sown in late July 
or early August will produce good solid heads the following spring; on the other hand, 
certain strains when grown under similar conditions will flower and not produce hjeads. 
Evidence was obtained by Sutton (1924) which indicated that the tendency to form 
seed the second year was inherited as a simple recessive character. In a. cross between 
a crinkled-leaf cabbage and a cauliflower, Price observed that the thick, leathery leaf 
of the latter was dominant in Fi and was the only apparent leaf characteristic in Fa. 
Head cabbage crossed with headless cabbage produced nothing but headed forms both 
in the Fi and Fa generations. As to type of head, the cabbage or leafy form was found 
to be dominant over the type of head of the cauliflower. In Fa the cabbage head form 
was maintained without apparent segregation. Crosses between cabbage and brussels 
sprouts gave Fi and Fa generations identical with respect to habit of growth, i,e., 
all were determinate. Axillary buds were more common in the hybrids than in 
ordinary cabbage. The thick stem of kohl-rabi was found to be dominant in a kohl¬ 
rabi-cabbage cross and a limited number of Fa individuals showed no segregation of 
this character. 

Sutton (1998) crossed reciprocally kohl-rabi and Drumhead cabbage, obtaining, 
in F%i 8 non-kohl^rabi plants; 1 resembling kohl-rabii The parental forms did not 
In the Ft generation* Drumhead cabbage crossed with thousand-headed kale 
pr^gesd 804 pjahts in Fa. Of these, 176 resembled a dwarf type of thousand-headed 
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kale with leaves broader than visual and fewer branches; 26 resembled cabbage; and 
2 plants were much like brussels sprouts. 

The difficulty of a study of inheritance in the Brassica genus arises from the 
heterozygous condition of many forms and the self-sterile condition. Before the 
results are accepted as examples of non-Mendelian behavior, a critical study in which 
all facts are considered should be made. In cabbage there is apparently a complicated 
inheritance. The above results are satisfactorily explained on a multiple-factor 
hypothesis. In crossing heterozygous forms, the Fi generation may be as variable as 
the F 2 generation. In the inheritance of any particular character, the number of 
factor differences may be so large as to make the appearance of parental forms improb¬ 
able in a small Ft generation. 


ECONOMIC CUCURBITACEiE 

Introduction and Classification.—The family Cucurbitacece is of 
considerable historical interest. Sageret (1826) and Naudin (1856, 
1859a, 18596), two pre-Mendelian workers, made extensive hybridization 




Fig, 68.—Structure of flowers of squash. 

1. Female flower—a, corolla; 6, calyx; c, fruit. 

2. Male flower. 

3. Male flower with calyx and corolla removed. 

4. Female flower with calyx and corolla removed showing—a, stigma; h, style; c, point 
of attachment of calyx and corolla; d, undeveloped fruit. 

5. 6. Longitudinal and cross sections of fruit. 

Size: 1, 2, }in; 3, 4, }4n. 

studies with some species belonging to this family and Naudin made a spe¬ 
cies classification on the basis of genetic behavior which is accepted at the 
present time. All the foims which cross readily w^ placed in the same 
species group. 
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Cucumis sativus —Cucumber 

Cucumis melo —Muskmelon, cantaloupe 

Cucurhita pepo —Pumpkin, gourd, summer squash, and varieties of 
winter squash. Peduncle hard and ridged. 

Cucurhita maxima —^I^arge field squash and winter squash. Peduncle 
soft and fleshy. 

Cucurhita moschata —Squash. Little grown in United States. Pedun¬ 
cle much enlarged where attached to fruit. 

Citrullus vulgaris —Watermelon, citron. 

Cummings (1904) experienced no great diflficulty in crossing Golden 
Custard ( 9 ) with Crookneck (cT), varieties of squashes belonging to C. 
pepo. The reciprocal cross proved difficult, only five out of 284 pollinations 
producing fruit with viable seed. A histological examination revealed the 
fact that the male generative* nucleus of Custard penetrated the ovary of 
Crookneck and took up a position which, in many cases, was in close 
proximity to the egg cell but for some reason fusion did not occur in most 
cases. 

Bailey (1890), as the result of many artificial pollinations, concludes 
'^that the field pumpkins and the summer and fall types of bush squashes 
(C. pepo) do not cross with the running squashes of the Hubbard, 
Marblehead, Boston Marrow, turban, and mammoth types (C. maxima). 
In the Cyclopedia of American Horticulture, Bailey (1900) states that C. 
moschakL and C. pepo may be crossed artificially but it is doubtful if they 
cross naturally. Cucurhitacece in general are monoecious and largely 
dependent on insects for pollination. 

The diploid numbers of chromosomes for several species of Cucurhi- 
taceos have been reported by Kozhukhov (1924-1925). The number 
was found to be 14 in Cucumis sativus; 22 in CitruUus vulgaris; 24 in two 
varieties of Cucumis melo; 40 in two varieties and 42 in one variety of 
Cucurhita pepo; and 48 in each Ciccurhita maxima and C. moschata. 

Immediate Effect of Pollination.—There is a popular belief widely 
disseminated that pumpkins and watermelons should not be grown in 
close proximity because of the immediate effect of cross-pollination. A 
similar belief exists with regard to cucumbers and muskmelons. Evi¬ 
dence accumulated by various plant breeders shows that this idea is not 
founded on fact. The work of Bailey at Cornell and Pammel at Iowa 
may be cited. The former (1890) was unable to find any immediate 
effect of cross-pollination between varieties of C. pepo and likewise between 
varieties of C. maxima. Bailey not only was unable to demonstrate any 
immediate effect of pollen in varieties which could be crossed but he was 
even unable to produce crosses between cucumbers and muskmelons. 
Ninety-seven flowers of several varieties of melons were pollinated with 
different varieties of cucumbers. Not a single fruit set. Twenty-five 
redpToeiil poUinations were also made. One fruit developed but pro- 
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duced no seed. The setting of parthenocarpic fruit without fertilization 
is not an infrequent occurrence in cucumbers. Pammel (1892), in an 
intermingled planting of varieties of each of the following species, Citrvllus 
vulgaris, Cucumis melo, Cucurbita maxima, Cucumis sativus, and Cucurbita 
pepo provided excellent facilities for inter-specific pollinations. Neither 
the watermelons nor the muskmelons showed contamination. Some 
hand pollinations between species were made, but no cross-fertilization 
was obtained. 

More recent investigations by Becker (1922) and Vavilov (1925) 
verify the conclusions reached by Bailey and Pammel. 

The variability in flavor of commercial varieties of melons is undoubt¬ 
edly partly responsible for the erroneous belief that they may be con¬ 
taminated by other species of cucurbits growing in close proximity. 
At the Connecticut Station an extensive varietal test was made. Most 
of the varieties were of very inferior quality even though they were 
exposed only to muskmelon pollen. Even if crossing occurred, there is no 
conclusive evidence that xenia would result. 

CUCUMBER 

Wellington, (1913) studied the inheritance of the following characters: color, size, 
number of spines, smooth or rough skin, and obtained ratios indicating monohybrid 
segregation. Smooth skin and small spines, few in number, appear to be linked. 
Heterosis shown by increased number or size of fruit, has been observed in the Fi 
of certain cucumber crosses (Hayes and Jones, 1916). The Fi of a cross (Beeves, 1918) 
between American type (20 per cent parthenocarpic) and English type (normally 
parthenocarpic) showed 20 per cent parthenocarpy. 

A comparison of a few American, German, Dutch, and French varieties of cucum¬ 
bers with respect to their relative resistance to bacterial wilt was made by Doolittle 
(1922). The foreign varieties proved much more susceptible, an average of over 
90 per cent of the plants being attacked, whereas an average of approximately 30 per 
cent of the American varieties were attacked. 


MUSKMELON 

Lumsden (1914), of the New Hampshire Agricultural Experiment Station, has 
made rather extensive studies of inheritance in the muskmelon. The tabular statement 
on p. 349 gives a summary of his work: 

These data show that all the characters studied segregated in the second genera¬ 
tion. There is some indication that the contrasted characters in color of skin, size of 
seed, size of fruit, and form of fruit are each separated by a single main factor differ¬ 
ence. In a cross between varieties producing round and elliptical fruits, respectively, 
the Fi fruit was recorded as round, while the Fi gave the ratio of 2.76 round: 1 ellip¬ 
tical. The other two characters, netting and ribbing, indicate more complex inber- 
itance. Delices de la table (cf) has deep ribbing and no netting; Sutton’s Superlative 
*( 9) has no ribbing and pronounced netting. The Ft generation showed a varlattoii 
of from 6 to 100 per cent with respect to each character. 
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Table XC.— Inheritance in the Muskmblon in a Cross between the Varieties 
Sutton’s Superlative and Delices de la Table 


Characters 

No. of 
Fi 

plants 

Fi 

No. of 

F2 

plants 

Fi ratio 

Color of skin. 

Yellow X green. 

1 

Yellow 

79 

Yellow: green 

2.76: 1 

Form of fruit. 

Round X elliptical. 

1 

Round 

79 

Round: elliptical 
2.76:1 

Ribbing. 

1 


79 

5-45 46-100 

per cent per cent 

ribbing: ribbing 

1 : 1.82 

Ribbed X non-ribbed. 

i 

Ribbed 

Netting. 

1 


79 

^45 46-100 

per cent per cent 

Netting: netting 
1:1.63 

Netted X smooth. 

Netted 

Size of seed. 

Large X small. 

1 

Large 

79 

Large: small 

I 2.95:1 

Size of fruit. 

Large X small. 

1 

Large 

79 

Large: small 

2.59: 1 


SQUASHES AND GOURDS 

Emerson (1910), while at the Nebraska Experiment Station, made a study of size 
inheritance in a cross between Yellow Crookneck and White Scallop summer squashes. 
He found that length of neck and diameter of bowl were intermediate between the 
parents in Fi. The second generation showed a complete series of dimensions and 
shapes from one parent to the other. The same investigator crossed Striped Spoon 
gourd with Filipino Homed gourd. Results similar to those of the squash cross were 
obtained. 

The inheritance of several characters of Cucurbit a Pepo has been studied by Sinnott 
(1922) and Sinnott and Durham (1922). White color of fruit was found dominant 
over yellow and yellow over green. The evidence indicated that there were two 
separate factors for white, a factor for yellow recessive to white and dominant over 
green, and a recessive factor for green. A single factor difference was found between 
solid color and striping, with the former appearing in some cases as a dominant and 
in other cases as a recessive. In surface of fruit, wartiness was found dominant over 
smoothness and produced by at least two independent genes cumulative in their 
effect. The inheritance of ^*disc” shape (dominant) of fruit versus sphere” (reces¬ 
sive) was found dependent on one main factor difference although one or more 
modifying factors may produce minor changes. Flesh color, too, seemed to be 
comparatively simple in its inheritance. Other characters were investigated and 
fouPd to be deSnitely inherited but the exact manner of llieir inheritance was not 
determined 


























CHAPTER XX 


FRUIT BREEDING 

The improvement of fruit crops offers an interesting field of study 
for the trained investigator. Many fruits are in a complex heterozygous 
condition. For this reason, and because fruits are propagated by 
asexual methods, MendePs law does not have here the same value as for 
the breeder of self-fertilized crops. There are also many fruit crops 
which are totally self-sterile so that cross-pollination, either natural or 
artificial, is essential to the production of fruit. Unlike an annual crop 
the individual fruit tree often takes many years to grow before fruiting. 
For these reasons, methods of handling are often of much greater impK)r- 
tance than methods of breeding. It is, therefore, of utmost importance 
that the student first make an intensive study of the botanical relatives, 
methods of culture, varieties, and environmental necessities of the crop 
before undertaking breeding operations. 

ORIGIN AND ANTIQUITY OF SOME FRUITS^ 

Wild fruits without doubt played an important r61e in the food supply 
of primitive man. As the art of agriculture came to be developed because 
of the necessity of obtaining enough food to supply the increasing human 
population, the fruit crops were gradually introduced into cultivation. 
Some of our most prized fruits, as the apple, grape, and plum, have been 
cultivated since earliest times; while others, as the strawberry, black 
raspberry, and blackberry, have been brought under cultivation since 
America was discovered. 

The wild species from which our fruits have been developed may still 
be found today. Wild plums may be found in nearly every state of the 
United States, while in central and northern Asia the wild relatives of 
apples, pears, apricots, cherries, and plums are of frequent occurrence. 

The wild crabs are found in abundance, in both the Eastern and the 
Western Hemispheres. As the cultivated European varieties gave good 
results when introduced into the United States, the breeding of apples 
has not been seriously undertaken until comparatively recent times. 
The cultivated varieties are very numerous. Our pears were developed 
from two very different wild species, Pyrus communis, the wild pear of 
western Asia and Europe, and the bard, gritty sand pear of northern 
^ A paper by Whits (1916) has been used freriy in this discussion* 
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China. P. communis is the source of our eating pears, such as the 
Bartlett, while interspecific crosses furnished our cooking and winter 
pears. 

Peaches were first developed in China. When one compares the 
little hard, bitter wild peach of China and our cultivated varieties the 
results of early breeding are strikingly illustrated. 

There are three groups which are commonly accepted as the ancestral 
forms of our cultivated plums: (1) The thorny wild European species 
which produces dark purple fruits about the size of a pea. These are 
the source of our prune varieties. (2) North American native wild 
plums which have a very juicy flesh without much meat. Several species 
are recognized (Wight, 1915). (3) A Chinese-Japanese wild species. 

Many of the cultivated varieties of plums are largely of hybrid origin. 


Table XCI. —Origin, Probable Length of Time of Cultivation, and Comments 
ON Some Cultivated Fruits {after White, 1916) 


Name 

Date 

Origin 

Remarks 

Apple. 

A 

E. Europe, W. Asia 

Very different type common to China. 

Apricot. 

A 

Central Asia, China 

Wild species variable. 

Blackberry. 

F 

United States 

Wild species very variable. 

Blueberry. 

F 

E. and N. North America 

Four species, often confused with 
huckleberry. 

Cranberry. 

F , 

E. and N. North America 

Cultivated for about 100 years. 

Currant, red. 

C 

Northern Hemisphere 

White and yellow varieties are forms. 

Cherry, sour. 

B 

Asia Minor, S.E. Europe (?) 


Cherry, sweet. 

B 

S. Europe, E. Asia 


Grape, Old World. , 

A 

West temperate Asia 

California and Old World grape. 

Grape, New World.. 

F 

North America 

Many probably hybrids. 

Gooseberry. 

C 

N. Europe, N. Africa, W. 
Asia, United Stat^ 

Old and New World species distinct. 

Grapefruit. 

B 

Malayan and Pacific Islands 
east of Java 

Largely cultivated in United States. 

Lemon. 

B 

India 


Orange, sweet. 

C 

India 

Numerous hybrids with other species. 

Peach. 

A 

China 

Hundreds of varieties. 

Pear. 

A 

Temperate Europe and Asia, 
N. China 

Two species and hybrids between them. 

Plum. 

A 

8. Europe, W. Asia, N. 
America 

Much hybridized group. 

Raspberry, red. 

C 

N. Europe, Asia, N. America 

Varieties and hybrids of two species. 

Raspberry, black. 

F 

Middle North America 


Strawberry. 

F 

Temperate N. America, Pa¬ 
cific Coast of N. and 8. 
America, Europe 

At least three species involved. 


A, cultivated for more than 4,OCX) years. 

B, cultivated for more than 2,OCX) years. 

C, cultivated for lees than 2,000 years in the Old World. 

F, cultivated since the discovery of America. Often only very recently. 


There are over 120 wild species of cherries which are native to Asia 
and from 200 to 1,500 wild species of raspberries and blackberries. The 
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variation in type of the wild red raspberries of New England is a good 
illustration of a wide diversity of forms. Some of these are probably 
results of crosses with escaped cultivated varieties. Natural hybridiza¬ 
tion certainly played a large part in the evolution of such fruits and the 
selection of promising wild seedlings furnished the major part of our 
cultivated varieties. 

Fletcher (1916) has described 1,879 varieties of strawberries which 
originated in North America and 26 European varieties which have 
attained prominence in this country. The strawberry is largely a 
hybrid product of four or more species. 

The citrus fruits are all of Asiatic origin. Present cultivated varieties 
have for the most part been produced during the last 100 years. The 
grapefruit industry of the United States has been developed in the last 
25 years. This fruit, which is a native of islands lying to the south of 
Asia, was introduced into the West Indies early in the eighteenth century 
and more recently from the West Indies into Florida. Table XCI, which 
is part of a table published by White (1916), is a summary statement of 
the source and the length of time under cultivation of some of our most 
highly prized fruit crops. ^ 

The mode of origin of some of the better United States fruit varieties 
has been compiled by Dorsey (1916) from the New York Agricultural 
Experiment Station fruit monographs. A summary statement is pre¬ 
sented in Table XCII. 


Table XCII.— Origin of Varieties of Apple, Cherry, Plum, Peach and Grape 


Fruit 

1 

Both 

parents 

known 

One 

parent 

known 

Neither 

parent 

known 

Origin 
as bud 
sports 

Total 

Apple. 

3 

39 

688 

4 

634 

Cherry. 

20 

61 

1,064 

0 

1,146 

Grape. 

74 

57 

72 

0 

203 

Plum. 

49 

108 

624 

1 i 

682 

Peach. 

2 

13 

69 

1 i 

85 

Total. 

148 

278 

2,317 

1 

6 

2,749 


These data show that nearly 85 per cent of the commercial fruit 
varieties of apple, cherry, plum, and grape have been obtained by select¬ 
ing promising chance seedlings, that one parent was known for a little 
more than 10 per cent of the varieties described, while only a little over 
5 per cent of the commercial varieties originated from crosses in winch 
both parents were known. Only six out of 2,749 varieties are known 
to have originated as bud sports. 
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SOME EARLY STUDIES IN FRUIT IMPROVEMENT^ 

The preceding discussion gives some idea of the great number of 
varieties of our fruit crops. While many of these are from chance 
seedlings, a considerable percentage resulted from definite attempts to 
produce improved forms. 

Von Mons.—One of the earliest horticulturists was a Belgian by the 
name of Von Mons, who was born in 1765 and died in 1842. He was a 
chemist but followed horticulture as an avocation. His studies were 
carried out for the purpose of proving the truth of certain philosophical 
theories. While he did not succeed in substantiating the theories, his 
work was of considerable value to horticultural science and practice. 
His most important studies were with pears. In 1823 there were 80,000 
seedlings in his nursery. About this time he issued a catalog in which 
1,060 pears were described by name or number. Of these, 405 varieties 
were of his own production. His practice was to sow, select, and resow, 
and, without doubt, a part of his great accomplishments was a direct 
result of cumulative selection. 

Knight .—Thomas Andrew Knight has already been mentioned as a 
man who contributed much to the art of plant breeding. He was born 
in England in 1759 and died in 1838. A part of his work was carried 
on with such fruit crops as apples, pears, and peaches. He emphasized 
the value of crossing as a means of producing improved forms for he 
believed this method was more rapid than Von Mons’ selection practice. 

American Pomology.—Throughout the nineteenth century American 
pomologists made great progress in the improvement of fruits. While 
many American named varieties occurred as chance seedlings, others 
were the result of careful breeding. The strawberry and grape are 
examples of fruits in which many of the varieties are a result of controlled 
breeding. Selection and crossing both played important parts in the 
improvement of varieties, Hovey was one of the best known of the early 
strawberry breeders who worked during the first half of the nineteenth 
century. 

The production of improved American varieties of grapes well iHus- 
trates a common method of the production of new fruits. Old World 
grapes did not succeed in the greater part of the United States, as Euro¬ 
pean varieties proved very susceptible to diseases, particularly mildew. 
The production of American varieties from native wild species gave us 
many of the cultivated types. Some of the best of the early varieties 
arose as chance seedlings. Concord was thus discovered by Ephraim 
W. Bull and introduced about 1853. It has been frequently used as a 
pftrent for the production of the improved forms. Some improved forms 

^ For an of the evolution of American fruits the reader is referred to 

1S98; Munson, 1906. 
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have resulted from crosses between native and European varieties, 
Delaware being generally thought to have been so produced. 

With the plum, as with the grape, the native American species have 
furnished the source from which a large part of the American varieties 
have been produced (Wight, 1915). Several wild species have been 
used and frequently the varieties which have proved best adapted to a 
given locality have been produced from the wild form which is native to 
the same region. 

SOME CONSIDERATIONS OF FRUIT BREEDING 

Fundamental laws of heredity furnish the same foundation for a 
development of correct breeding technic in the fruits as with other crops. 
There are, however, some factors which modify breeding methods. For 
example, a single tree takes up considerable field space and thus has a 
greater value than a single plant of wheat or corn. In comparing 
varieties and clonal lines, the question of soil heterogeneity must be 
considered for this is probably a frequent cause for the variation in yield 
from different trees of the same variety when grown in the same orchard. 
Self-sterility, which is so prevalent among fruit crops, often prevents 
the production of homozygous material; while the use of heterozygous 
material does not allow the breeder to make systematic crosses with a 
knowledge of the genetic constitution of the parents. In spite of these 
difficulties which the fruit breeder must face, there has been a consistent 
attempt to use fundamental breeding principles and, at present, methods 
are becoming somewhat standardized. The advantage which comes to 
the breeder from the fact that an improved variety may be propagated 
asexually and need not be reduced to a homozygous condition, tends to 
offset other difficulties. Some of the more general problems will be here 
illustrated. 

Overcoming Soil Heterogeneity.—Batchelor and Reed (1918) 
have made an interesting study of variability in orchard plots. They 
used orange, lemon, walnut, and apple trees in the investigation. From 
224 to 1,000 trees of each of the different fruits were studied and the 
coefficient of variability for yield of single trees determined. The 
coefficient of variability of the clonal varieties ranged from 29.72 to 
41.23 per cent. Thirty-five per cent might be considered a fair average. 
Multiplying this by 0.6745 gives 23.6, the probable error in percentage 
of the mean. 

The effect on the coeflicient of variability of increasing the number 
of trees in a plot was studied; a comparison of plots containing 1, 2, 4, 8, 
16, and 24 trees being made. Table XCIII gives an average of tests 
with oranges, lemons, apples, and walnuts. The results are based on a 
study of more than 2,000 individual trees. 
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Table XCIII. —Effect op Increasing the Number of Trees per Plot 


Number 
of trees 
per plot 

Average coefficient of 
variability 

Average reduction of coefficient of variability 
by increasing number of adjacent trees per plot 

Increase from 

^ Average reduction 

1 

37.78 + 0.52 



2 

30.89±0.55 

1 to 2 

6.8910 76 

4 

26.76 ±0.02 

2to 4 

4.1310.83 

8 

24.27 + 0.77 

4 to 8 

2.4910.99 

16 

22.58 + 1.01 

8 to 16 

1.6911.27 

24 

19.7411.08 

16 tt' 24 

2.8411.48 


From these results the conclusion is reached that eight trees is about 
the correct number which should be used in a plot. 

The question of replication, z.c., the systematic distribution of plots 
over the field, is taken up. Results computed for four- and eight-tree 
units are given for oranges, apples, walnuts, and lemons. Table XCIV 
gives an average of data from these crops. 

Table XCTV.— Effect of Replication in Four- and Eight-plot Units 


Four trees in a unit 

Eight trees in a unit 

Number of systematically 
replicated plots 

26.7610.60 

24.2710.77 

1 

15.1210.47 

12.84±0.56 

2 

13.5810.53 

11.27+0.63 

3 

9.2910.40 

9.54±0.67 

4 

8.4010.40 

7.95±0.49 

5 

8.4910.49 


1 6 

1 


The conclusion seems warranted that four systematically replicated 
plots greatly reduce the error which arises from soil heterogeneity. The 
data also show that four systematically distributed plots of four trees 
each are somewhat more reliable than two plots of eight trees each. 

As was presented in Chap. IV, Harris has given a reliable means of 
estimating soil heterogeneity by the correlation between the neighboring 
plots of a field. The test was applied to an orange grove which appeared 
to have uniform soil conditions. The correlation between the yield of 
eight-tree plots as ultimate units and grouped combinations of four such 
adjacent plots was found to be r = +0.533 ± 0.085. This showed a pro¬ 
nounced heterogeneity in the soil of this orchard. However, the correla¬ 
tion computed between the yield of an eight-tree ultimate unit and the 
yield of the combination of four such systematically distributed units 
was not much larger than the probable error. 

These facts show the unreliability of yields of single trees as a criterion 
of productivity, that eight-tree plots give much more reliable results, and 
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that plot replication is of as much value in studies of fruit-yield as of farm 
crops. Where quality is a major criterion, single trees give fairly reliable 
information. 

The several factors which caused variability in a certain Ben Davis 
orchard were determined by Sax and Go wen (1923). It was found 
that 62 per cent of the total variability was owing to environmental 
factors other than soil, 18 per cent to soil, and about 15 per cent to factors 
which cause permanence of yield, such as grafting stocks, bud mutation, 
and unknown factors. 

Self-sterility and Heterozygosity.—One of the chief difficulties of 
systematizing methods of work is due to the heterozygous condition of 
most fruit material. A commercial variety may be extremely valuable 
and yet be heterozygous for many characters. On the other hand, the 
commercial variety may be homozygous for a large part of its characters. 
It seems reasonable to conclude that the more nearly homozygous the 
parental variety, other things being equal, the greater value it would 
have as a parent. 

The ability of impressing its characteristics upon the larger part of its 
offspring has been called prepotency by animal breeders. Such prepo¬ 
tency is genetically explained by the supposition that the prepotent 
parent is homozygous for certain dominant factors for the characters 
under observation. Hedrick and Wellington (1912) showed that some 
crosses beween apple varieties produced a considerable percentage of 
individuals with small fruits. Thus the cross between Ralls and Northern 
Spy gave great variability in size of apples, while the cross between 
Sutton and Northern Spy gave progeny in which no trees were obtained 
which produced small fruit. One of the great difficulties is that it takes 
several years to learn the varieties which, when crossed, will give certain 
desired combination. 


Table XCV, —Increase in Weight of Seed and Fruit Due to Cross-pollination 


Pollination 

Average 
weight of 
seed, grams 

Average 
weight of 
fruit, grams 

Newtown X self. 


73 

Newtown X Bftllflnwfir. 


104 

Newtown X Spitzenberg. 

0 66 

147 

Newtown X Jonathan. 

0.65 

162 

Newtown X Grimes Golden. 

0.60 

173 


Spitzenberg X self... 


100 

Spitzenberg X Newtown.. 


126 

Spitzenberg X Arkansas Blk.. 


128 

Spitzenberg X Jonathan..... 

0.70 

144 

Spitzenberg X Baldwin... 

0.71 

167 
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Another difficulty which must be considered is that many varieties of 
fruits are self-sterile. This is of utmost importance in commercial fruit 
production for it is necessary to interplant such a variety with some 
variety which produces an abundance of pollen which is capable of 
fertilizing the variety in question and which blooms at about the same 
period. The self-sterile habit likewise prohibits the reduction of the 
material to a homozygous condition. Frequently self-fertile varieties 
give great increases in weight of seed and fruits as a result of cross-pollina¬ 
tion. Therefore, pollinators, varieties which have proved desirable as 
pollen parents, are often of considerable commercial value in increasing 
yield in the case of self-fertile varieties. 

Table XCV gives two typical cases taken from the work of Lewis and 
Vincent (1909) with the apple. 

The large increases in weight of seed as a result of crossing are very 
noticeable. Increases in «ize of fruit are also of much importance. 

Table XCVL —Condensed Statement of Number of Self-fertile, Self-sterile, 
AND Partially Self-fertile Varieties of Fruit Crops 


Fruit 

Number 

self- 

fertile 

Number 

self- 

sterile 

Number 

partially 

self-sterile 

Authority 

Remarks 

Grape 

7 

13 

5 

Dorsey, 1914 
after Beach 
(1898, 1899) 

Self-fertile and partially self-fertile 
have upnght stamens and pollen 
with germ pore. Self-sterile vari¬ 
eties have reflexed stamens and 
pollen with no germ pore. 

Grape 




Beach, 1902 

Pollen of self-sterile varieties can not 
fertilize other self-sterile varieties. 

Plum 

All cultivated varieties of native 
American species except New 
Ulm and Robinson are self- 
sterile. 

Dorsey, 1919 

Results given by Dorsey are from 
studies of Waugh (1896, 1897, 
1898, 1899, 1900, 1901), Goff (1894, 
1901), and Waite (1905). 

Plum 1 

18 1 

16 


Sutton, 1918 

All self-sterile varieties set fruit 
when pollinated with any other 
variety with few exceptions. 

Cherries 

3 

17 

2 

Sutton, 1918 


Apples 

8 

16 

10 

Sutton, 1918 


Apples. 

28 

59 


Lewis and Vin¬ 

From 50 to 200 pollinations were 
made for each variety. 

If no seed set, variety is classed as 
self-sterile. All varieties with some 
seed setting are classed as self- 
fertile, although some are partially 
self-sterile. 



cent, 1909 

Pflftrs. 

Bartlett and Kieffer 
self-sterile. 

1 

5 

Fletcher, 1911 



For the commercial grower or the fruit breeder, it is essential to know 
rhich varieties are self-sterile. In order to illustrate the conditions 
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generally found regarding sterility, a compilation of some results is 
presented in Table XCVL Citations to literature are given so that the 
reader may go to the original sources when he desires to know what 
category any particular variety belongs to. 

The causes of sterility have been determined in some cases. In the 
strawberry it is due to at least two causes (Valleau, 1918): 

1. The dioecious condition. 

2. The production of aborted pollen grains or microspores in otherwise 
normal anthers. 

In the grape, Dorsey (1914) has found sterility to be associated with 
both hybridity and the dioecious condition. The varieties which produce 
reflexed stamens seldom produce fertile pollen. Dorsey states: 

Sterility has been found to be due to the pollen rather than in the pistil. Sterile 
pollen in the grape results from degeneration processes in the generative nucleus or 
arrested development previous to mitosis in the microspore nucleus. 

Pollen abortion occurs both in pure and hybrid forms but is not con¬ 
sidered a cause of lack of fertility as abundant pollen is produced in the 
grape. 

In the plum, pollen abortion is not as a rule the cause of self-sterility. 
The outstanding features as given by Dorsey (1919) are: 

(a) A constancy of expression of self-sterility even in P. domesiica in which about 
one-half of the varieties are self-fertile; (6) the occurrence of cross-sterility; and, 
(c) the slow growth of pollen tubes under the condition of self- and cross-sterility. 

This type of sterility is comparable with that in the tobacco crosses 
previously discussed, where sterility resulted from slow pollen-tube 
growth. In this case the pollen tube growing from the pollen grain into 
the tissues of the style never reaches the embryo sac. The self-sterile 
condition is believed by Dorsey to be a dominant character in the plum 
and to be inherited, segregation into sterile and fertile forms occurring 
at reduction division. Knight (1917) has made a study of self-sterihty 
in the apple and the conclusions reached show the manifold causes which 
must be considered in a study of the problem. For this reason the 
conclusions are here given verbatim. 

1. Self-sterility in Rome Beauty is not due to sterility of the pollen as has been 
shown to be the case in certain varieties of grapes. 

2. Sensitiveness of pollen to over-abundant moisture supply is not involved here 
as a factor, as has been shown by Jost for the pollen of many grasses, barley especially; 
and by J. N. Martin for the pollen of red clover. The pollen of Rome Beauty and 
many other varieties germinated in distilled water. 

, 3. Rome Beauty stigmatic fluid extracts offer no inhibition to the germination 

and growth of Rome Beauty pollen. 

4. Rome Beauty stigmas offer no particular mechanical obstruction to the pene¬ 
tration of Rome B^uty pollen tubes. 
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5. Self-sterility of Rome Beauty is not due to inability of its own pollen tubes to 
grow deep enough to reach the egg. This has been suggested as the cause of self¬ 
sterility in certain pear and apple varieties by the work of Osterwalder. 

6. From present indications one important factor in self-sterility of Rome Beauty 
is the relatively slow rate of growth of Rome Beauty tubes in Rome Beauty stylar 
tissue. Doubtless other factors will be found upon further examination. 

Inheritance of Some Characters.—The mode of inheritance of most 
fruit characters has as yet not been determined. There are, however, 
numerous experiments under way for the purpose of learning how individ¬ 
ual characters behave in crosses. The lack of information in this field 
is due to the heterozygous condition of many fruit varieties and to the 
fact that with many fruit crops so long a period elapses between the time 
of sowing the seed and the production of fruit. 

Apple.—Inheritance in the apple is well illustrated by a study made 
at the Geneva Station by Hedrick and Wellington (1912). Crosses were 
made in 1898 and 1899 and 148 seedlings were grown. In 1912,106 of the 
seedlings had come into bearing. These 106 seedhngs resulted from 11 
crosses. The first generation naturally does not furnish very reliable 
data as a means of deciding the mode of inheritance of individual 
characters. 

Three types of skin color were studied, red, yellow, and intermediates. 
The conclusion was reached that Ben Davis and Jonathan were both 
pure for red color of skin, as crosses between these varieties gave seedlings 
which produced fruit with a red skin. Other crosses led to the belief that 
yellow is recessive and that a cross between red and yellow is inter¬ 
mediate in skin color. Sweetness was believed to be a recessive character 
to acidity with the indication that the Fi was intermediate. 

Similar results were obtained by Auchter (1921) at the Maryland 
Experiment Station. In a cross between Tolman and a dwarf form of 
Malus toringo, Crandall (1920) found that the Fi seedlings strongly 
resembled the male parent in appearance of tree except that they were 
not dwarf. The fruit did not resemble either parent. It is stated that 
the outstanding fact of this cross is the extent of dominance shown by 
the dwarf parent. 

Raspberry.—Bailey (1898) believed that the purple raspberry, Rubus 
neglectusy was a natural hybrid between the black and red varieties. 
This was definitely proved at the Geneva Station by a cross between 
Smith No. 1, a black raspberry, and Lonboro, a red seedling, which gave 
209 purple raspberries (Wellington, 1913, Anthony and Hedrick, 1916). 
The same Smith No. 1 crossed with June, a red raspberry, gave 50 purples 
and 46 blacks, Selfed seedlings of Columbian, a purple variety, gave 
31 purple, 7 red wine, 2 reddish, 1 yellow, and 1 black. The mode 
of inheritance of colors can not be determined, although it seems that 
several of the black varieties are heterozygous for color and that several 
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factors for color are present. The presence of bloom on the canes proved 
to be a partially dominant character over the absence of bloom. The 
number of spines on canes showed segregation in selfed seedlings of 
Columbian. Yellow raspberries could be told in the seedling stage from 
the black and purple by the absence of red tinge on the leaves. The 
production of promising varieties from crosses between the red and black 
varieties was especially mentioned. 

The Van Fleet raspberry may be mentioned as an example of an 
improved variety that has been produced by hybridization (Darrow, 
1924). A representative Rubus innominatus introduced from China 
was crossed with the Cuthbert red raspberry. The new form is produc¬ 
tive, relatively disease resistant, and ripens berries over a period of four 
or five weeks, beginning at the time when the last red raspberries have 
been harvested. The less desirable characteristics of the new variety 
are its medium size and softness of fruit. 

Strawberry.—The inheritance or flower color was found by Richard¬ 
son (1918) to show the usual color dominance, pink over white and con¬ 
trolled by two factors. It was also found that singleness dominated over 
doubleness and was dependent for its expression on asingle factor. Valleau 
(1923) obtained evidence in support of the chromosome theory of inherit¬ 
ance of sex in the strawberry. The data indicated that staminate and 
hermaphrodite plants were homozygous and pistillate plants heterozygous 
for the sex chromosome. 

Grape.—The Geneva Experiment Station, in New York, (Hedrick 
and Anthony, 1915) likewise furnished the greater part of our data on 
inheritance of characters in the grape. Table XCVII gives the results of 
crosses for skin color. 


Table XCVII, —Inheritance of Skin Color in Grapes 


Color of seedlings 


Color of parental types 


Purple Medium 

Black to dark to light 
red red 


White X white. 

Light red X light red. 
Dark red X dark red. 

Black X black. 

White X dark red_ 

White X black. 

Black X dark red.... 
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The chief conclusions which may be reached from these results are 
that nearly all varieties are heterozygous for color and that white is a 
pure recessive. 

In studies of inheritance of quality there is a proof of the value of 
selecting as parents the types which excel for the character being worked 
with. Table XCVIII gives some of the results of crosses in which quality 
was studied. 


Table XCVIII. —Inheritance op Quality in the Grape 


Parental types 

Total 

1 Percentage 
of good or 
better 

Parents good or of higher quality... 

682 

27 

Good X fair or poor. . 

56 

11 

Medium X medium. 

213 

10 

Poor X poor. 

51 

4 




Nearly all grapes of high quality at the New York station contain 
some V, vinifera blood. This is easily understood when one remembers 
the long period of breeding of the European varieties and that American 
varieties were only recently obtained from the wild. Inheritance of 
size of grape berry and ripening period showed the value of selecting as 
parents varieties which excel in the character which the breeder wishes 
to obtain. 

Peaches.—In crosses between nectarines and peaches, Becker (1923) 
obtained peach-like fruit and in crosses between nectarines, only nectar¬ 
ines were obtained, indicating that pubescent fruit was dominant to 
smooth. Resistance to nematode in the peach is apparently an inherited 
character as has been shown by McClintock (1923). Perhaps the most 
extensive inheritance studies in the peach are those reported by Connors 
(1923). In crosses between Greensboro (spreading) and Crawford 
(upright) the Fi seedlings were intermediate in habit of growth and since 
spreading, open trees are preferable for orchard purposes, it is desirable to 
use as one parent either the spreading or intermediate type of tree. 
With respect to size of blossoms the large and small ones were found to be 
homozygous and the intermediates heterozygous. The latter segregated 
into one large, two intermediate, and one small blossom. A further 
study of the correlation between the color of the inside of the calyx cup 
and of the fruit flesh, first pointed out by Hedrick, was made. A green 
calyx cup is correlated with white flesh and an orange-colored calyx cup 
with yellow flesh. Moreover, a green, white, or pale cream calyx cup 
indicates a homozygous white flesh, a yellow-cream to yeUow-buff calyx 
mp indicates a heterozygous white flesh, and a deep orange-colored calyx 
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cup indicates a yellow flesh. White flesh is dominant to yellow and its 
inheritance is apparently controlled by single factor difference. Several 
other characters were studied but their exact manner of inheritance 
was not determined. One of the most interesting results of this investi¬ 
gation was the determination of prospective parents which would be most 
likely to yield progeny of economic value. As a direct result of this work, 
the New Jersey Experiment Station is offering to the public several new 
varieties of peaches. 

Illustrations of Methods of Breeding.—Methods of breeding fall 
naturally under three main heads; 

1. Selection of bud sports. 

2. Seedling selection. 

3. Controlled crosses. 

As has been already mentioned many of our varieties have resulted 
from chance seedlings, others from seedlings in which only one parent was 
known. A review of the subject leads to the conclusion that the improve¬ 
ment of fruits by the use of self-fertilized seed is a less desirable method 
than by the use of crossed seed. When selfed seed can be produced the 
progeny are as a rule less vigorous than those obtained from crossed seed. 
As these subjects have been touched upon in some detail under other 
headings, seedling selection will not be discussed further. 

Selection of Bud Sports.—It is now a commonly accepted fact that 
mutations or sudden changes in the germinal material do occasionally 
occur. Likewise, in asexually propagated species bud sports have been 
found, and in some cases these have been used as the foundation of 
improved races. To justify a method of breeding founded upon their 
utilization, such bud sports must occur frequently enough to pay for the 
trouble of making a systematic search for them. 

A review of the experimental evidence is of considerable interest, for 
this is the only means we have of deciding whether the selection of partic¬ 
ular trees or branches for propagating purposes is a reliable means of 
producing new varieties. Of the four apple bud sports mentioned in 
Table XCII the chief changes were in the color of the fruits. In the 
Isabella grape several sports were obtained which produced black grapes 
of larger size than Isabella, and which excelled in sweetness (Powell, 
1898, cited from Dorsey, 1916), Dorsey (1916) records two large-fruited 
variations in the Concord grape which arose as bud sports. 

Instances of bud variations in ornamental horticultural plants are 
quite common. As an example of their frequency, the work of Stout 
(1916) will be briefly discussed. Extensive asexual or clonal selections 
were made in Coleus and numerous cdor changes were isolated as well as 
changes in leaf shape. The same variations were obtained through bud 
sports as by seed reproduotiom Some clonal lines sported much less 
frequently than others* 
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The work on citrus fruits (Shamel and others, 1918) which has been 
carried on in California, has drawn the attention of many horticulturists 
and plant breeders to the subject of bud sports and their place in correct 
fruit-breeding methods. Valencia oranges were originally introduced 
from three sources, but all have proved of similar type and are now called 
Valencia. From this variety, 12 important strains originating as bud 
sports have been isolated. As a rule, single oflF-type branches produce 
fruits showing characters which are different from the fruits borne on the 
remainder of the tree. Many of these sports are of highly undesirable 
type. The Washington navel orange was introduced from Brazil in 
1870 by the Department of Agriculture at Washington. Thirteen 
distinct strains have been isolated through bud selection. Thompson, 
one of these strains, has proved a very desirable type. Likewise, bud 
sports have occurred in the grapefruit which was introduced in California 
from Florida in 1890. The Marsh is the best of six strains which were 
obtained by selecting bud sports. Similarly, bud sports have occurred in 
lemon orchards. Shamel (1919) records an occurrence of a sporting 
branch in a French prune tree which was first observed in 1904. Several 
grafts from this branch were placed in bearing trees. These grafts 
reproduced the characters of the sporting branch. In 1914, trees in 
alternate rows of an orchard were top worked by the use of buds from 
the new strain and compared with buds from the normal French prune 
variety. The top-worked trees from the bud sport bore larger fruit than 
those from the normal prune. The fruits were also more evenly dis¬ 
tributed over the tree than in the original French prune variety. 

Those mentioned are some of the more striking instances of the pro¬ 
duction of new varieties through the isolation of bud sports. Crandall 
(1918) has made an extensive test in Illinois of the value of bud selection 
in apples as a means of improving the variety. Two distinct lines of 
study have been followed. 

1. The value for propagating purposes* of buds selected in different 
ways. The experiments included a comparison of large versus small buds, 
of buds from different parts of the tree and from different locations on the 
shoot. 

2. Selection of trees because of special merit. Comparison of seedlings 
produced from large and small apples produced by these selected trees. 

A considerable number of varieties was used for the first study and a 
total of 6,400 buds were selected. A careful measurement was then made 
of the yearly growth of wood from the buds which had been previously 
selected. Growth curves were made and, on the basis of these results, 
the conclusion was reached that all buds from healthy shoots were of 
equal value for propagation purposes. 

The characters of seedlings grown from seeds of large and small fruits 
botm on trees special merit were carefully studied. Seeds from large 
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fruits produced seedlings which were somewhat more resistant to adverse 
conditions than seedlings grown from small fruits. The hypothesis 
that this may be explained by the fact that large fruits and large seeds 
frequently occur from crosses, seems reasonable in the light of the work 
of Lewis and Vincent previously cited. 

Stewart (1912) has discussed the value of cion selection in tree-fruit 
improvement. Individual apple tree data over a period of from ten to 
fourteen years were presented. Under apparently the same conditions 
some trees were consistently higher yielders than others. A review of 
considerable experimental evidence led Stewart to conclude that there 
was more evidence in favor of purity of the clone than in favor of the 
value of clonal selection as a means of producing higher- 3 delding strains. 
Similar conclusions were reached from an experiment carried on by Tyson 
Brothers, in New York, with the York Imperial apple. Two trees were 
selected which bore unusually similar fruits and these were used for 
propagation. More than 8,000 trees were planted in the new orchard. 
Examination of trees of this orchard when they came into bearing showed 
them to be not superior to the usual York Imperial apple (Dorsey, 1917). 

The cited cases show the present status of the problem of selection of 
bud sports as a means of improvement of fruit crops. The studies with 
the citrus genus appear to justify the belief that degenerate or inferior 
bud sports are of frequent occurrence. This leads to a conclusion that 
only those limbs which produce normally healthy fruit should be used for 
propagation purposes. Even among the citrus fruits there is as yet no 
very conclusive proof that the selection of cions from high-yielding trees 
will accomplish more than to prevent possible ‘‘running out of the variety. 
The evidence from apples would seem to justify the belief that bud sports 
are very infrequent. The breeder, then, can well afford to make careful 
observations with the hope of discovering bud sports. If apparently 
desirable sports are found, these may then be used for propagation. 

In such crops as citrus fruits and with such plants as Coleus^ bud sports 
are of frequent occurrence. There is, then, some evidence for the belief 
that sports occur more frequently in heterozygous than in homozygous 
material. As Stout (1915) obtained the same changes through asexual 
selection as by the use of self-fertilized seed, it seems reasonable to 
Suppose that some sort of segregation and recombination occurs in 
somatic tissue. No cytological evidence has been given to account for 
such a supposition. With heterozygous material the loss of a sint^e 
dominant factor would be immediately apparent in the soma. This is 
one reason why bud sports occur more frequently in heterozygous forms 
(East and Jones, 1919). Nabours (1019) has shown that similar cross¬ 
overs occur in parthenogenetic reproduction in the grouse locust as in 
those forms which are produced by the recombinatim of gametes 
taining the haploid number of chromosome. If the tiiaial of iteosa* 
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overs occurred in homozygous material, there would be no change in the 
homologous parts of chromosome pairs. In heterozygous material, 
however, new combinations of factors would be produced which might 
cause changes in the external appearance of the organism. No cytological 
basis for such cross-overs has been demonstrated. 

Controlled Crosses.—One of the earliest controlled experiments in the 
breeding of fruits by crossing was started by Swingle, in 1893, in Florida. 
This was an attempt to produce hardier types by the use of wild citrus 
species. The hardy Chinese species, Citrus trifoUata, was used as one of 
the parents. In 1897, 212 crosses were made between this species and 
orange varieties. The three fruits that were produced gave thirteen 
hybrids, which were so different from existing varieties of citrous fruits 
that they were called “ Citranges.^’ Other crosses between citrous species 
were made. One of the promising combinations was a cross between the 
West India lime and the kumquat orange. This orange is one of the 
hardiest of the evergreen citrous trees while the lime is very tender. 
Further experiments are under way and other promising wild relatives of 
the citrous fruits have been obtained. Crosses of this nature are produc¬ 
ing fruit varieties which are successful in regions where citrous fruits 
could not be grown formerly. The work shows the necessity of a thorough 
botanical knowledge of the wild relatives of the crop which it is hoped to 
improve by breeding. 

A somewhat similar method of work with the hope of producing hardy 
apples for the Canadian Northwest was started by William Saunders 
in Canada in 1888. The wild Siberian crab, Pyrus haccata, which proved 
hardy on the prairies and withstood temperatures of 50° below zero, was 
used as the female parent and crossed with commercial apple varieties. 
Macoun (1915) states that the fruit of Pyrus baccata averages inch in 
diameter and is quite astringent. The fruits obtained from some of the 
more promising of the crosses were not so large as desired, although some 
compared very favorably in size with ordinary crabs. They were of 
good flavor and proved hardier than any varieties of apples and crabs 
that had been tested up to that time. Several are here listed. 

Jewel, F. baccata X Yellow Transparent. Size 1 4 by 1 3 inches 

Columbia, F. baccata X Broad Green. Size 1 8 by 1.6 inches 

Charles, F. baccata X Tetofsky. Size 1 6 by 1 5 inches 

Recrosses between the best of these and apple varieties were made 

and 407 trees were grown. Some varieties were obtained with larger 
fruits but these as yet have not been thoroughly tested for hardiness. 

Pears have been frequently tried in the Dakotas but have failed for 
two causes (Hansen, 1915): (1) lack of hardiness; (2) susceptibility to 
bights The Chinese sandpear^ Pyrm sinensis Lindley, obtained from 
I^fgettt, of the Arnold Axboretum, proved perfectly hardy and 
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resistant to blight. Various crosses between this species and cultivated 
pears belonging to Pyrus communis have been made. Preliminary tests 
have shown that some of the seedlings were blight resistant and hardy. 
These results indicate that the problem of producing pears for the North¬ 
west may eventually be solved In a somewhat analogous manner, 
Hansen (1911) has produced new plum varieties by crossing the native 



Fig 69 —Wolf, a hardy variety of plums which lacks quality of fruit {Photo loaned by 

Dorsey ) 



Fio. 70 —Burbank, a plum of high quality produced by Luther Burbank. It lacks hardi¬ 
ness when grown in Mmnesota {Photo loaned by Dorsey ) 
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i 


Fig 71 —Tonka, Burbank X Wolf, No 21. fias high quality and is nearly as hardy as 
the hardy variety of Wolf {Photo loaned by Dorsey ) 

sand cherry with Japanese plums. This has resulted in a “happy com¬ 
bination of hardiness, rapid growth, and early bearing of tree, with large 
ease and choice quality of fruit.” 

' It will be of interest here to present briefly an instance from the fruit¬ 
breeding work at the Minnesota Station in which desirable new plum 
hybrids were obtained when the tender parent, Burlnuok (P. inflora) was 
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crossed with Wolf which is a hardy variety of P. americana mollis. The 
percentage of hybrids killed during winter dormancy is taken as a basis 
for classification. It will be seen that some of these hybrids, as No. 8 
or No. 9, are hardy in the bud like the staminate parent Wolf. The two 
which have been named Red Wing and Tonka, are intermediate in 
hardiness but of excellent fruit characteristics. 


Table XCIX. —Showing the Percentage of Buds Killed in an Fi Progeny 
When One op the Parents is Hardy and the Other Tender' 


Parent 

Percimtage of 
buds kilbKl, 
1916-17 

Parent 

1 

Percentage of 
buds killed, 
1917-18 

Burbank. 

100 

j Hybrid No. 9. 

0 

Wolf. 

0 

10. 

50 

Hybrid No. 1. 

50 

11. 

1 

2.‘ 

35 

12 (Red Wing).. 

10 

3. 

5 

14. 

25 

4. 

5 

15. 

5 

5. 

10 

16. 

5 

6. 

10 

17. 

0 

7. 

0 

20. 

25 

8. 

0 

21 (Tonka). 

25 


’ Data furnished by M. J. Dorsey. 

These few instances have been given as indicative of the methods of 
work which are being used by some of the most progressive fruit breeders. 
Some general conclusions regarding methods of work may be here given. 

1. A knowledge of the botanical relationship and wild relatives of the 
fruit are necessary if greatest progress in improvement is to be obtained. 

2. Some varieties and species transmit their characters to a much 
greater degree than do other varieties. A knowledge of the more pre¬ 
potent varieties materially aids in planning a cross. 

3. Varieties selected as parents should contain in the highest degree 
possible the character or characters desired in the progeny. 

4. The larger the numbers of progeny grown, the greater the chances 
of obtaining the combination desired. 

5. Most fruit crosses give variable progeny in Fi. Numerous crosses 
should, therefore, be made. When possible large Fz generation progenies 
should be grown from the more promising Fi types. Crosses of different 
Fi types may give the desired combination in Ft. 

6. Information regarding the mode of inheritance of particular charac¬ 
ters will assist in selection of varieties to be used as parents. 
























CHAPTER XXI 


FARMERS’ METHODS OF PRODUCING PURE SEEDS 

The production of new varieties of farm crops is a specialized line of 
work and should be undertaken as a rule only by men who have had 
special training in crop breeding. The expense and time necessary for 
this kind of experimental work are too great for the individual farmer. 
The aim of the farmer or seed grower should be to maintain the improved 
form and not to allow contamination through crossing with inferior 
stock, admixture, plant diseases, etc. A method of producing seed which 
will stand this test and at the same time meet with the approval of the 
farmer must be simple, effective, and inexpensive. A nation or state 
cannot afford to maintain an experimental laboratory only to have the 
products of that laboratory deteriorate because of subsequent treatment. 
The maintenance of pure, improved varieties as well as their discovery 
by selection or synthesis by crossing is an essential factor in economic 
food production. Before taking up in detail methods of producing pedi¬ 
greed seed by farmers, a few observations regarding seeds in general will 
be made. 


DETERMINATION OF BETTER VARIETIES 

Certain general facts regarding varieties should be understood. The 
breeder and grower must recognize that no one variety is best adapted 
to a particular locality or for all seasons. In some seasons an early oat 
gives the best yield. Owing to slight seasonal variations, a later variety 
may excel in yield. Thus, a single season^s test is not reliable as a 
means of determining the better sort to grow. For this reason carefully 
conducted tests are carried on each crop season. By means of these, the 
experiment stations are in a position to determine and advise as to the 
better varieties. The final decision as to which variety to grow must of 
course be made by the farmers and based on their actual field expeiienceeu 

WHAT IS GOOD SEED? 

There are certain characters of farm crops which must be considered 
if the grower wishes to produce good seed. Good seed of any farm crop 
must belong to a variety that is superior in the following respects: 

1. Adaptability to the locality and soil. 

2. Yielding ability. 
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3. Purity to type for small grains or self-pollinated crops, and comparative 
purity for corn and other cross-pollinated crops. 

4. Quality for the particular characters for which the crop is grown. 

5. Hardiness. 

6. Erectness or ability to withstand lodging. 

7. Disease escaping or resistance to disease. 

The seed of the particular variety itself must be superior in the 
following: 

1. Germinating ability. 

2. Good color, plumpness and weight. 

3. Uniformity. 

4. Freedom from diseases transmitted by seed. 

5. Freedom from any other damage. 

6. Freedom from obnoxious weeds. 

7. Freedom from mixture with other varieties. 

Adaptability. —We have already indicated that no one variety always 
excels in yield or quality. All that the experiment stations can do is to 
determine the few better varieties and in this way assist the farmer to 
decide which to grow. 

There are decided advantages in limiting the number of varieties. 
It is of considerable value for one locality to produce large quantities 
of a particular variety. Several reasons are apparent, chief of which are: 

(1) the buyer can obtain a large amount of seed of that particular variety; 

(2) the production of only a few varieties or a single variety is of material 
help in keeping purity of type, as there is not so much opportunity for 
(a) mixtures in thrashing, growing, etc., or (b) cross-fertilization between 
varieties, which causes variability of seed and plant characters and, there¬ 
fore, loss of purity of type. 

Yielding Ability and Quality. —Variety tests carried on under experi¬ 
mentally controlled conditions are the best means of determining com¬ 
parative yield and, to some extent, comparative quality of different 
strains. Many farmers sustain annual losses, which are not small, due 
to using seed of an overexploited variety which has not proved its worth 
in competitive tests. With many crops, quality is of prime importance 
and must receive some consideration if a No. 1 grade product is to be 
obtained. 

Purity.—For crops like wheat, oats, and barley, which are seK- 
fertiHzed, uniformity is the rule, providing the grower is willing to pay 
some attention to eliminating accidental mixtures. For cross-fertilized 
crops, of which corn is a good example, purity of type is of less importance, 
although certain general standards of purity are desirable. 

Hardiness.—Hardiness is a feature of adaptability but it deserves 
mention. Ability of annual crops, like rye and wheat, to with- 
winter^killing as as winter hardiness for perennial crops, such 
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as alfalfa, is of high importance and is generally given much consideration 
by experimenters before recommending a particular variety. 

Strength of Stalk.—Ability to stand up, which obviates injury from 
lodging, is of much importance in grain and hay crops. In small grains 
early lodging often causes shriveled seeds. The difficulty of harvesting 
is greatly increased when the crop is flat. 

Seed of the Variety Chosen.—By using the above-mentioned 
characters as a guide, one may intelligently choose the variety which 
satisfies best the particular conditions. The next problem is to obtain 
high-grade seed of the variety and it is obvious that seed cannot be high 
grade unless it possesses vigorous germinating ability. Color, plumpness, 
and weight are all important in that they indicate maturity and whether 
or not the seed was damaged by heat or mould. If seed with a relatively 
high moisture content is improperly stored, it very often becomes dis¬ 
colored and mouldy. It is possible to obtain a more even stand with seed 
uniform in size. High-grade seed should be free from disease. The 
organisms which cause such diseases as the smuts of oats and wheat are 
carried on the surface or within the seed. Seed is sometimes damaged 
in threshing. This is true particularly of the large-seeded legumes. If 
soybeans or field peas are thoroughly dry and threshed with a high-speed 
cylinder a considerable amount of split seed usually results. Another 
important quality of desirable seed is its freedom from obnoxious weed 
seeds. Most farmers would be very hesitant about purchasing seed 
which contained seeds of quack grass, Canada thistle, wild onion, or 
dodder. Lastly, high-grade seed must be free from admixtures of other 
varieties. In the regions where spring wheat is grown a relatively small 
amount of Humpback wheat contained in a variety like Marquis lowers 
very materially the value of the latter for seed. 

METHODS OF SEED PRODUCTION 

After obtaining the better variety for the locality, the seed grower has 
the problem of keeping this variety in the same high state of production 
and if possible to improve it. The purpose of this chapter is to outline 
methods for the various crops which may be used by the seed grower or 
by the average farmer. 

Among farm crops, the production of seed generally depends on a 
union of the male reproductive cell, contained in the pollen grain, with 
the female reproductive cell—the egg cell. 

The pollen grains of corn are produced in the tassel and each thread 
of silk leads to an ovary which contains the egg celL In order to pro^ 
'duce ^d, the male reproductive cell must pass down through the silk 
and unite with the female cell This process is called feHilisation. If 
pollen and silk are borne by the same plant the process is self-^lertilisation, 



FARMERS^ METHODS OF PRODUCING PURE SEEDS 


371 


and if by different plants, cross-fertilization. As the egg cell and the 
pollen grain of self-fertilized plants are, as a rule, alike in their inherited 
characteristics, the progeny of a single self-fertilized plant, such as barley, 
wheat, or oats, have the same inheritance. There is, of course, consider¬ 
able variation in all characters, owing to environmental effect, but all 
evidence shows that these differences are not truly inherited. Occasional 
crosses occur in self-fertilized crops which cause inheritable variability. 
Mass selection serves to eliminate these off types. 

SEED GROWERS’ METHODS FOR SELF-FERTILIZED PLANTS 

For self-fertilized plants the grower can, as a rule, obtain a pedigreed 
strain which is nearly adapted to his conditions. The only thing that 
he can do with this variety is to save seed in such a way that mixtures 
of other strains or occasional crosses are eliminated, together with obnox¬ 
ious weed seeds and diseases. The strain in question can be kept in a 
pure condition for its characters, and if it is not entirely pure at the 
outset a correct method of seed selection will tend to purify it and thus to 
increase its value. The work for self-fertilized crops is very simple as 
compared with the production of improved seed of cross-fertilized crops 
or the production of highly bred livestock. For self-fertilized crops the 
method outlined below is essentially that which is compulsory for the 
production of registered seed by the Canadian Seed Growers' Association. 
Formerly the growers of registered seed were required to maintain a 
yearly hand-selected seed plot, but at present this is not required. 
Registered seed may be produced from Elite Stock seed or from other 
registered seed for an indefinite number of generations providing the 
crops meet the requirements of a rigid system of field inspection. The 
essential steps in the production of registered seed are: 

1. The seed of a variety must be obtained from a source approved by 
the Association. 

2. The crop must be grown on land on which the previous crop did 
not consist of a similar crop except it be of Registered or of Elite Stock 
seed of the same variety. 

3. The area on which the registered seed is produced should be sepa¬ 
rated from other similar crops by a distinct space. 

4. The crop should be free from weeds the seeds of which cannot be 
thoroughly removed by machinery. 

6. A very high percentage (99.99 per cent) of purity must be main¬ 
tained with respect to variety and also with respect to other kinds of 
crops except those which can be thoroughly removed by machinery. 

6. The crop should be reasonably free from diseases. 

For the tobacco crop there is no necessity of a seed plot. The grower 
should select good-type plants in the field and save these for seed pro- 
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duction. The best growers insure the production of self-fertilized seed 
by covering the inflorescence before any of the flowers open, with a 12- 
pound manila paper bag. It is necessary to remove the bag from time to 
time to shake out the dead parts of the corolla so that the seed will not 
become damaged. Ten or twelve plants handled in this manner furnish 
suflScient seed for a large acreage. 

If the farmer is troubled with flax wilt he can easily overcome this 
difficulty by seed selection. All that is necessary is to select from a plot 
on which the wilt disease is causing considerable loss those plants which 
appear to be free from the disease. Experiments carried on by Bolley 
at the North Dakota station, which have been corroborated at Minnesota 
(Stakman, et al., 1919), have shown that wilt resistant varieties can be 
obtained by selecting plants which appear resistant on wilt-sick soil. 
Barker (1923) has obtained evidence which proves that wilt-resistant 
varieties, when grown on wilt-free soil, retained their inherited quality for 
resistance for a period of three years. The same wilt-resistant varieties 
were grown continuously for a period of three years on wilt-free and wilt- 
infested soil respectively, A comparison of the relative resistance of 
the varieties grown under the two conditions showed no appreciable 
difference. For flax, the seed plot may be located on wilt-sick soil. 

Diagram of Method of Controlling Flax Wilt by Selection 


ls< year 2d year 

5ecd Plot Seed Plot 



For the farmer who does not care to use a seed plot according to a 
method somewhat as outlined for naturally self-fertilized crops, some prog¬ 
ress may be made by taking certain precautions. When changing from 
one variety to another in threshing, it is well to operate the thresher 
empty for several minutes before beginning on the second variety. Then, 
too, it is well to discard the first few bushels threshed of the i^cond variety. 
T%e gyain which is to be used for seed should be carefully stored und^ 
conditions which will insure freedom from injury owhif to rodentii 
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insects, or heat. The seed should be put through a fanning mill to 
remove weed seed, foreign matter, and light chaffy grains. Carefully 
conducted field experiments with wheat and oats have failed to demon¬ 
strate any superiority in yielding ability of heavy- over medium-weight 
seed. The fanning mill, however, is a valuable implement for removing 
impurities, cracked grain, and grains that are light in weight due to disease 
or immaturity. Grains of wheat which are light and chaffy due to wheat 
scab may be largely removed by means of an effective wind blast. If the 
seed is known to carry a plant disease which may be controlled by seed 
treatment, such treatment should be given. 

IMPROVED CORN SEED 

The determination of the better variety of corn to grow is not difficult. 
The farmer can obtain reliable advice from the local county agent or by 
consulting the nearest experiment station. The introduction of new 
varieties of corn from other states before they have been tested for the 
climatic conditions in question is a very undesirable practice and as a 
rule a cause of much annual loss to the corn grower. The problem with 
corn is somewhat different from that with the self-fertilized crops. Com 
is cross-fertilized, therefore constant inherited variability is the rule. 
When a variety is introduced from another locality it undergoes a process 
of selection which may markedly change its characters. Selection in a 
pedigreed line of wheat, on the contrary, does not change its characters 
and serves only to keep the variety in the same state of purity by artifi¬ 
cially removing any possible mixtures which may occur. This brief discus¬ 
sion will probably serve to show that seed selection on the farm is a very 
important practice for the corn grower, unless there is a local grower of 
high-grade seed. 

The corn-seed grower faces another difficulty which the small-grain 
seed producer does not have to consider. With small grains—barley, 
oats, and wheat—purity for all characters is the general rule. This has 
led the com breeder also to attempt to obtain purity of type. Carefully 
controlled investigations have served to show a possible fallacy in this 
practice. The report of a study at the Minnesota Station (Olson, Bull, 
and Hayes, 1918), which contains experimental evidence together with a 
review of other experiments in relation to score-card characters and yield, 
show no correlations between individual characters such as trueness to 
the ideal score-card ear type and subsequent yield of these ears. 

Artificial self-fertilization in com isolates homozygous types which are 
less vigorous than normally cross-pollinated plants. All other evidence 
seems to show that too close a purity of type in com tends to a reduction 
m vigor. The grower whose method of selection is based upon ear type is 
certainly (Staining no gain in yield of shelled com per acre. The detri- 
m^tal iwilte of too dose selection to type may not be very apparent and 
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may be more than counterbalanced by the extra attention from a cultural 
standpoint, for an interest in ideal ear types certainly stimulates the 
farmer to produce better corn. It is not, however an increase due to 
better breeding but to better cultural practice. 

The present purpose is to outline methods of seed selection. As there 
is little apparent relation between score-card characters for type of ear 
planted (within a particular variety) and resultant yield, even though 
such selection may be constantly practiced, little attention is paid to 
those characters as far as the breeding plan goes. The grower should, of 
course, produce corn of one variety which is pure, judged by easily 
evident characters, such as color of seed and cob. Abnormalities, such 
as very large butts, badly flattened cobs, or very irregularly rowed ears, 
should not be used as foundation stock. Aside from these there is no 
need of paying much attention to type. Ability of a variety to mature 
under the conditions, is very important and needs much attention. 

In a bulletin of the Minnesota Station, Hayes and Alexander (1924) 
report the results of an experiment with different methods of corn breed¬ 
ing for the practical farmer. As a result of this work which was carried 
on with Rustler White Dent, the authors conclude that there seems to be 
little or no value from the farmer^s standpoint of using the ear-to-row 
method of corn breeding and that certainly its continuous use appears 
undesirable. Close selection for ear type which is required by the 
ordinary score card brought about a small but significant reduction in 
yield. The experiment seems to indicate that selection should be on the 
basis of vigor and yield of the plants rather than on the basis of ear type. 

In a study of data from four varieties of corn grown in ear-to-row plots, 
Richey and Willier (1925) found a positive correlation between weight of 
ear and yield and a negative relation between number of rows per unit 
of circumference of ear and yield and also between number of kernels 
per unit of length of ear and yield. Positive correlations less marked and 
not so consistent were found between yield and length of ear, weight of 
cob, and circumference of butt of ear. It is concluded from this study 
that the selection of longer, heavier ears with proportionately heavy cobs 
and with relatively few rows of wide, thick seeds is justified, but that 
further selection on the basis of ear characteristics is futile from the 
standpoint of obtaining higher yielding corn. Smith and Brunson (1925) 
have obtained similar results. 

In a bulletin of the lUinois Experiment Station, Holbert, eiaZ. (1924), 
have pointed out the marked reduction in 3deld that is caused by the 
root-, stalk-, and ear-rot diseases of com. It is estimated that where 
infected seed is used the loss from diseases including smut md rust may 
conservatively be placed at 20 per cent. The writers found that the 
disease-free condition was more frequently associated with corneous, 
stightly indented seed than it was with starchy, deej^ly indented seed. 
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The most practical methods for the farmer to use in combating diseases 
of corn are crop rotation, selection of ears in the field from apparently 
disease-free plants and testing the ears for the presence of disease. 

AN EAR-TO-ROW METHOD OF CORN BREEDING 

Until recently nearly all discussions of corn breeding were based on the 
ear-to-row method. Such a method takes considerable time and can be 
carried out only by the breeder or occasional seed specialist. In adapting 
corn to new regions, the ear-to-row method may be somewhat more rapid 
than mass selection. The ear-to-row test consists of growing the seed of 
a certain number of ears in individual rows and determining the better 
3 delding ones. Each ear saved is then a basis of further selection. Com- 


Diagram op Procedure for Special Corn Breeder 

4 th to 

Itt Year 2ad Year Srd Year 8th Year 



plicated methods have been used for the introduction of new blood and 
to keep up the vigor of the strain. The method here outlined is an 
attempt to simplify this practice and at the same time obtain as good 
results as can be obtained by the more detailed procedures. It is based 
on experimental studies carried on at the Nebraska Station (Mont¬ 
gomery, 1909), The details are as follows: 

1. Select from 100 to 200 ears of the variety to be grown. If possible, 
select these ears in the field from those apparently disease-free stalks 
whidb, if in a perfect stand, will give a good yield. 
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2. Make an ear-torow test of these selected ears, saving half of the 
seed from each ear planted. From this ear-to-row test the 25 best ears 
may be determined. 

3. Mix the remnants of the 25 highest yielding ears and plant the 
following year in a seed plot. Select all ears obtained which are fairly 
desirable, eliminating only the very undesirable types. 

4. Use the selected seed for planting as much of the com acreage as 
possible. 

5. Give special attention to a part of the field so that a uniform stand 
may be obtained. Select enough seed from this part of the field for the 
entire acreage. Select seed for the following yearns seed plot in the fall 
before a killing frost, from perfect stand hills and from those stalks which 
appear free from disease and which under competition show ability to 
produce one or more good ears. Throw away only the ears of very 
undesirable type. 

6. Continue the method outlined under 5 for a period of four or five 
years and then use again the ear-to-row method as outlined under 1 and 2. 

METHOD OF CORN BREEDING FOR AVERAGE FARMER 

The method here outlined is very simple, yet it is probably as effective 
as the more complicated ear-to-row method in maintaining or increasing 
production. In the plan suggested below a special seed plot may or may 
not be included. However, it is well to select seed ears from a field 
planted by the hill method and in which there is as nearly a perfect stand 
as possible. Vigorous ears borne on plants growing in close competition 
probably are vigorous because of their inheritance. The following steps 
are suggested for this method of corn breeding: 

1. Choose a variety that is adapted to the particular location. It is 
safer to obtain seed from a high-yielding corn in the neighborhood than 
from a distant locality. 

2. Select mature ears in the field before a killing frost from vigorous 
stalks growing in competition with other stalks. Select ears from three or 
four stalk hills surrounded by other three or four stalk hills. Select 
ears borne at a convenient height with their tips covered with husk. 

3. Never select ears from stalks which show symptoms of disease. 
Some of the indications of disease are: smut balls, broken shanks, a 
shredded or discolored scar where the ear was broken from the shank, a 
broken or lodged stalk, a weak growth, and premature ripening. The 
leaves and stalks should be quite green even after the husk on the ear is 
partly dry. 

4. Select at least twice as many ears as will be needed for seed. Dis* 
card only the very undesirable ears. 

5. Dry all the ears in a well-veiitiiated room. It is important to have 
each stor^ in such a way as to allow a free circulation ait atouhd iti 
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6. Late in winter or early spring test for germination. In localities 
where it has been shown to be desirable, test each ear for germination 
and the presence of disease. 

POTATO SEED (TUBERS) SELECTION 

One of the most important factors in the production of high-quality 
potato tubers for planting is the control of potato diseases. Investiga¬ 
tions carried on during recent years have shown conclusively that such 
diseases as mosaic, curley dwarf, leafroll, blackleg, and wilt, which may 
be transmitted vegetatively to the next generation, may bring about a 
marked reduction in vigor of the potato plant and a lowering of its yield¬ 
ing capacity. Much of the so-called “running out'^ in potatoes is caused 
by diseases. 

From the foregoing observations, it is clear that every precaution 
should be exercised, first, t/O obtain disease-free seed stock and, second, 
to grow the plants under conditions which will reduce the risk of disease 
infection to a minimum. The latter perhaps may be realized best by 
growing the potatoes which are to be used for seed in an isolated field or 
plot which is at least 100 yards from any other field of potatoes since 
insects, such as aphids, may convey certain diseases like mosaic. Seed 
potatoes should be grown on a field that has not grown potatoes for 
several years, and certainly on one that was not in potatoes the preceding 
year. It is also important to give the necessary attention to seed treat¬ 
ment and spraying, if one wishes to combat successfully the various plant 
diseases. 

In addition to the elimination of diseases, it is, of course, important to 
grow a standard variety with a high market demand and one that is free 
from admixtures with other varieties. Ordinarily the plants grown from 
tubers of a single plant are alike except for the occasional changes which 
occur in the inherited characters of the plant itself. Mixture in com¬ 
mercial tubers is one common cause of lack of purity of type. The selec¬ 
tion of tubers, therefore, gives the grower an opportunity to improve his 
variety. It is important that the hiUs selected by hand be from a field 
relatively free from disease and of the best obtainable variety. In both 
methods suggested, it is highly desirable to maintain isolated seed plots. 

With the foregoing general consideration in mind one may work out a 
method best suited to the particular conditions for producing seed tubers 
of high quality. The grower may obtain his seed stock from a reliable 
source, such as the producer of registered or certified seed, or he may pro¬ 
duce his own seed stock. In the latter case he may proceed somewhat 
as outlined below. 

Fird Year, —(a) Remove from the part of the field used for saving 
tubers all plants which show evidences of diseases. This should be done 
during tbe growing season. 
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(b) At harvest time dig at least 100 hills by hand, keeping each hill 
separate. 

(c) Use tubers from a number of the better hills for the stock plot the 
following year. 

Second Year, Method I .—Plant all good tubers from previous yearns 
selection of best hills in an isolated bulk seed plot. Enough tubers 
should be used to plant about y'i acre. This requires approximately 5 
bushels, which allows some tubers to be discarded. 

Diagrammatical Illustration op Tuber Seed Plot Selection op the Potato 


\stycar 2d year Zdyear Athycci 



Method II ,—This is the hill-to-row method. In order to compare 
the productive capacity of each selected hill, it is desirable to have each 
row the same length and planted from the same total weight of potatoes. 
All of the progeny of some hills will be discarded this second year. Those 
that give a good yield and are desirable in other ways may be further 
tested. 

Third Year. Method I .—Continue the stock plot by the same means 
as used in Method I for the second year’s work, and use all good tubers 
produced each year in this seed plot for field planting. This work may be 
continued each succeeding season by the same plan. 
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Method IL —Make a further test of the best selections as determined 
by the second yearns test, growing much longer rows, thus obtaining 
more reliable results. All tubers free from disease, of the best yielding 
strain or strains, may be used to increase the stock the following year. 

The essential features of these two methods are presented on page 378 
in diagrammatical form. Method II probably is somewhat better if all 
details of the test are carefully performed. For the average farmer, 
Method I is less cumbersome and if constantly practiced would probably 
give about as good a result as Method II. 

IMPROVEMENT BY SELECTION OF SUCH CROPS AS ALFALFA, CLOVER, 

AND GRASSES 

Obtain, if possible, a variety which is especially adapted to the condi¬ 
tions. Breeding work should aim at producing a variety which excels 
in resistance to winter injury and to plant diseases and is also a high 
producer of hay and seed. 

1. Obtain 3 or 4 pounds of the best available seed. 

2. Plant in a seed plot isolated as far as possible from other crops of a like kind. 
Plant seed in rows 3 feet apart and plant two or three seeds m each hill, spacing the 
hills 2 feet apart in the row. 

3. Remove all but a single plant from each hill when the plants are well started. 

4. Keep the plot free from weeds. 

5. Discard all weak plants from time to time as they become apparent. 

6. Save seed of all desirable plants and increase. 

The improvement of the class of crops here mentioned is somewhat 
more difficult than with small grains, corn, and potatoes, and should be 
undertaken only by the few seed producers who are willing to take the 
necessary trouble to carry out carefully the details as outlined. Con¬ 
trolled experiments at some of the state experiment stations and in 
Europe have shown that much gain can be obtained by such selection. 

SEED REGISTRY OR CERTIFICATION 

The production of superior seed by the farmer has been encouraged 
by many agricultural organizations, the most important of which are the 
crop improvement associations. Such associations were first formed in 
northern Europe, later in Canada, and in the United States. At the 
present time most of the states north of the Ohio and Missouri rivers and 
between the Rocky and Allegheny mountain ranges have organized 
state crop improvement associations. 

These associations are made up of farmers who have organized for 
the purpose of producing improved seed. The work in any state is 
usually cariiied out in close cooperation with officials of the agricultural 
college in that state. In fact, the secretary of the association, who is 
usually the executive officer that looks after the inspection and certifica- 
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tion of seed, is often a member of the college staff. In some states, the 
inspection and certification of seed is in charge of the state department 
of agriculture but here again the work is usually carried on in close 
cooperation with the college of agriculture. 

Seed which meets certain standards set up by the crop improvement 
associations is variously designated as pedigreed, elite, registered, certi¬ 
fied, and approved. Unfortunately, all associations neither maintain 
the same standards nor designate seed of similar quality by the same 
name. In general, however, pedigreed or elite seed refers to stock which 
may be traced directly to its ancestor or ancestors. The experiment 
stations are the usual source of this seed and they, together with a few 
growers, increase it according to certain rules. Pedigreed and elite 
usually designate the purest seed obtainable. 

Registered is frequently used to indicate seed that is not more than 
three generations removed from a hand-selected seed plot. The source 
of seed for this plot is frequently pedigreed or elite stock. Sometimes 
registered seed is separated into first, second, and third generation seed 
depending on the number of generations it is removed from the hand- 
selected plot. 

In some states certified seed is used to designate seed of a quality 
similar to that indicated for registered seed in the preceding paragraph. 
In most cases, however, certified seed does not indicate as high a standard 
of purity as registered seed. Certified seed is high in quality but*usually 
its ancestry is less definitely known and it does not trace directly back 
to a hand-selected seed plot. Approved seed, as defined by some seed 
associations, is similar to the certified seed but in some cases the term 
is used to designate seed of a somewhat lower quality and purity. 

Seed Inspection. —Before the stamp of approval is placed upon a 
given lot of seed by the agent of a crop improvement association or the 
organization which handles seed registry and certification, it is usually 
necessary that it be grown according to certain rules and that it pass at 
least one field inspection and one bin or crib inspection. In the case of 
potatoes there are commonly two field inspections required. The field 
inspection is always made by a personal visit and in many cases the bin 
inspection is made in the same way. A representative sample of the 
seed is very often sent in to the inspector for final analysis and for future 
reference. To help defray the expenses of inspection, certification, etc., 
a small fee is charged to each grower applying for this service. 

The Minnesota Plan for Certain Crops.—As examples of plans for 
seed registry and certification, the methods followed in Minnesota for 
certain crops and in Maine for potatcx^ are outlined bdow* The writers 
do not wish to give the impression that these plans are mme deshable 
than others used elsewhere, but th^ aie simply chos^ as 
of methods now in use* ^ ^ 
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In Minnesota the certification of seeds is in charge of the Minnesota 
Crop Improvement Association. There are three classes of improved 
seed, (1) Pedigreed (Elite), (2) Registered, and (3) Certified. 

Pedigreed (Elite) seed is seed stock which has descended from an 
individual plant or group of plants, of which a definite performance 
record has been kept and which has shown itself worthy of distribution. 
The Experiment Stations and a few special growers use this seed as their 
foundation stock. 

Registered seed is improved seed which has passed both a field and bin 
inspection and traces directly back to a special seed plot. Small grains 
as wheat, oats, etc., must be within three generations of such a seed plot, 
while corn must be selected from a special plot each year. The Experi¬ 
ment Station and a few special growers grow a certain amount of regis¬ 
tered, first-generation seed every year. Growers throughout the state 
have considerable registered seed of second and third generation for sale. 

Certified seed is high-grade seed which has passed a field-and-bin 
inspection but does not qualify as registered because it has not directly 
descended from a seed plot. 

Inspection Requirements.—To qualify as registered or certified seed the stock must 
meet the adopted inspection requirements and comply with the state seed law. 

A, For wheat, oats, barley, rye, flax, and other small grams the requirements are: 

95 per cent or more pure as it grows in the field. 

b. Must be free from seeds of quack grass, cheat, Canada thistle, sow thistle, 

wild pea, mustard, and contain less than one^ seed per pound of other 
weed seeds when prepared for sale. 

c. Not more than a trace of chaff, dirt, broken kernels, etc. 

d. Not more than a trace of weathered, scabby, or otherwise diseased kernels. 

c. Must be dry, plump, bright, of good color, and weigh within 1 pound of the 

official standard weight per bushel. 

/. Must germinate 90 per cent or more at the time of sale or according to the 
standard of vitality as recognized for good seed of the kind. 

g. Must contain not more than a trace of mixtures of other seeds; for instance, 

wheat may contain an occasional oat or barley kernel. 

h. Must be uniform in size and up to the commonly accepted standards for the 

kind. 

u In the case of rye it must have been grown at least 20 rods from any other 
rye field. 

jf. Field inspection must be made during the last three weeks previous to 
harvest. 

B. For Com : 

а. Must be grown at least 30 rods from any other variety or otherwise isolated 

to obviate cross-pollination. 

б. Must give evidence of 99 per cent or more purity. 

c* Must be dry, mature, well cured, germinate 90 per cent or more, and 
conform to the standard as recognised for good seed. 

d The ears must conform to the standard sise, type, color, etc., of the variety. 

* Thii may vary with the season. 
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e. The seed, when shelled for delivery, must be uniform and conform in size 
and shape of kernel to the variety ideal and contain not more than a trace 
of butt or tip kernels. 

/. Field inspection must be made during the last three weeks previous to 
harvest. 

C. For Soybeans, Field Peas, Beans, and Vetch: 

a. Must give evidence of at least 90 per cent purity when growing. 

b. Must be 99 per cent or more pure when prepared for sale. 

c. Must be practically free from disease in both field and bin. 

d. Must contain loss than one-half of one per cent of broken seeds and not more 

than a trace of foreign material. 

e. Must be typical of variety both growing and in bin. 

/. Must be of good color, mature, uniform, well cured, and germinate 90 per 
cent or more. 

g. Must be subject to and inspected within three weeks of harvest. 

D. For Clover, Alfalfa, Timothy, Bromus, and other Hay-crop Seeds: 

a. Must be 95 per cent or more pure according to the variety. 

5. Must be inspected in the field while in bloom. 

c. Must be bright, good color, dry, and germinate not less than 90 per cent 

including hard seeds. 

d. Must contain not more than 2 per cent of brown seeds or foreign matter, 

nor more than a trace of other hay-crop seeds. 

e. Must be free from dodder, quack grass, and Canada or sow thistle. 

f. In case of alfalfa, the seed source must be established by afiidavit. Particu¬ 

lar emphasis will be placed on purity of variety when given field 
inspection. 

g. In case of bromus, it must be grown on a field free from quack grass. 

If the particular crop passes the several inspections to which it is subjected and if 
it meets all the other requirements the seed is registered or certified as the case may be. 
The proper tags are issued to the grower and he is than at liberty to sell his seed under 
the brand given it by the Minnesota Crop Improvement Association. 

The Maine Plan for Potatoes. —The certification of seed potatoes in 
Maine is in the hands of the State Department of Agriculture. There are 
three inspections required; two of the plants and one of the tubers. The 
first is made at the time the plants are in bloom, the second at a later 
date, and the third is an insf)ection of the tubers at shipping time. Addi¬ 
tional inspections may be made at the option of the chief inspector. 

Pre-^requisities to Entering Potatoes for Certification. —It is recommended that 
potatoes entered for certification be grown upon land that was not in potatoes the 
previous season and which is isolated, as far as possible, from fields planted with other 
strains. 

It is recommended that the seed be from certified stock, the field records of which 
have been secured from the inspection service. It is also recommended that the seed 
be as free as possible from common scab and rhisoctonia and be disinfected with 
corrosive sublimate. 

It is required that the crop be well cared for and be kept reasonably free fronii weeds 
and from insect injuries. It is also reqtiired that Bordeaux mixture spray be used to 
-control late blight. 

All applications for inspection must be mailed to the State D^artemt of Agricul¬ 
ture not later than June 15. 
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First Inspection in Field.—1, More than 1.5 per cent varietal mixtures will disqualify. 

2. More than 3 per cent mosaic will disqualify; more than 2 per cent leaf-roll will 
disqualify; more than 2 per cent blackleg will disqualify; more than 2 per cent wilt will 
disqualify; more than 3 per cent other weak hills will disqualify. A combination of 
diseased and weak hills equaling 8 per cent will disqualify. 

3. All weak and diseased hills, of the types mentioned, must be removed at once 
under the inspector’s direction and supervision. 

4. The inspector will disqualify if fields entered for inspection are nearer than 25() 
feet to other potatoes carrying more than a passing allowance for mosaic and leaf-roll 

Second Inspection in Field.—1. More than 0.5 per cent varietal mixtures will 
disqualify. 

2. More than 2 per cent mosaic will disqualify; more than 1 per cent leaf-roll will 
disqualify; more than 1 per cent blackleg will disqualify; more than 1 per cent wilt will 
disqualify; more than 5 per cent spindle tuber will disqualify; more than 1 per cent 
weak hills will disqualify. A combination of diseased and weak hills equaling 7 per 
cent will disqualify. 

3. All weak and badly diseased hills to be removed during inspection. 

4. At this inspection, a sufficient number of hills per acre shall be dug in such a 
manner as to secure a represeruative sample. Five per cent producing conspicuously 
less than average yield or off types, such as spindle tuber or giant hill will disqualify. 
(In case of doubt, check results.) 

Third Inspection at Shipping Time.—1. Maine certified seed potatoes shall equal 
or exceed United States Grade No. 1. 

2. The inspector present at this inspection will be instructed to put up such seed 
stock as he would like to receive if he were the buyer. 

3. Special care must be taken to remove all tubers of a long, spindling type. 

SEED SERVICE ORGANIZATIONS 

Crop improvement associations usually function primarily as agencies 
for certifying seed and for printing and distributing a list of the growers 
of improved seed but, other than this, they do not participate in any 
commercial activity. In a few states farmers have organized for the 
purpose of buying and selling adapted seeds of high quality. Where such 
a seed service company exists it usually functions as a selling agency of 
the Crop Improvement Association. A warehouse is usually maintained 
where suitable cleaning machinery is available for the various kinds of 
seeds. Perhaps the greatest service that such organizations render is 
that they offer a reliable source for obtaining adapted seed, particularly 
of red clover and alfalfa. 
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Acqtiired Character.—A modification of bodily structure, function, or habit which 
is impressed on the organism in the course of individual life. 

Aleurone.—The outermost layer of the endosperm in cereals when it is rich in 
gluten. 

Allelomorph.—One of a pair of contrasted characters which are alternative to each 
other in Mendelian inheritance. Often used, but with doubtful propriety, as a syno¬ 
nym for gene, factor, or determiner. 

Allelomorphism.—A relation between two characters, such that the determiners 
of both do not enter the same gamete but are separated into sister gametes. 

Alternative Inheritance.—A distribution of contrasting parental or ancestral charac¬ 
ters among offspring or descendants, such that the individuals exhibit one or other of 
the characters in question, combinations or blends of these characters being absent 
or exceptional. 

Anthesis.—The period or act of flowering. 

Awn.—A bristle-shaped elongated appendage or extension, to a glume, akene, 
anther, etc. 

Barbed.—Furnished with rigid points or short bristles, usually reflexed. 

Biotype.—A group of individuals all of which have the same genotype. 

Bran.—The coat of the caryopsis, consisting of pericarp and seed-coat united. 

Caryopsis.—A one-seeded dry fruit with the thm pericarp adherent to the seed, 
as in most grasses. 

Centgener.—Originally used by W. M. Hays, at the Minnesota Station, to refer 
to a 100-plant plot in which each seed was planted a certain distance from each other 
seed. 

Chaff.—The floral parts of cereals, generally separated from the grain in thrashing 
or winnowing. 

Chimera.—An association of tissues of different parental origin and genetic 
constitution in the same part of a plant. 

Chromosome Hypothesis.—The hypothesis advanced by Morgan in which factors 
are arranged in the chromosomes. 

Class.—In genetics a group that includes variates of similar magnitude. 

Clone.—A group of individuals produced from a single original individual by some 
process of asexual reproduction, such as division, budding, slipping, grafting, partheno¬ 
genesis (when unaccompanied by a reduction of the chromosomes), etc 

Coefficient of Variability.—^A relative index of variation obtained by expressing 
the standard deviation in percentage of the mean. 

Coupling.—Such a relation between two dominant genes that they have a more 
or less marked tendency to be included in the same gamete when the individual is 
heterozygous for both of the genes in question. 

Cross.—Synonymous with hybrid. 

Cross-ferffiization.—The union of the egg cell of an individual with the sperm 
cell of a different individual, whether the organisms belong to the same or different 
genotypes. 

^ Many of the genetic definitions are taken from Shull (1915), Babcm^ and 
Clausen (191S), or othem. Ball and PipeFs (1916) papers on terminobgy have been 
peed for agronomiea! terms. 
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Cross-over. —A separation into different gametes, of determiners that are usually 
coupled, and the association of determiners in the same gamete which are generally 
in different gametes. 

Detassel.—To remove the tassel, as in maize. 

Cryptomere.—A factor or gene whose presence can not be inferred from an inspec¬ 
tion of the individual, but whose existence can be demonstrated by means of suitable 
crosses. 

Determiner.—Synonymous with gene or with factor as applied in genetics. 

Dominance.—In Mendelian hybrids the capacity of a character which is derived 
from only one of the two generating gametes to develop to an extent nearly or quite 
equal to that exhibited by an individual which has derived the same character from 
both of the generating gametes. In the absence of dominance, the given character of 
the hybrid usually presents a ^^blend^^ or intermediate condition between the two 
parents, but may present new features not found in either parent. 

Dominant.—(1) A character which exhibits dominance, i.e.j that one of two con¬ 
trasted parental characters which appears in the individuals of the first hybrid genera¬ 
tion to the exclusion of the alternative “recessive” character. (2) An individual 
possessing a dominant character in contrast to those individuals which lack that 
character which are called “recessives.” 

Ear.—A large, dense, or heavy spike or spike-like inflorescence as the ear of 
maize. Popularly applied also to the spike-like panicle of such grasses as wheat, 
barley, timothy, and rye. 

Emasculation.—The act of removing the anthers from a flower. 

Endosperm.—The substance which surrounds the embryo in many seeds, as the 
starchy part of a kernel of wheat or corn. 

Factor.—An independently inheritable element of the genotype whose presence 
makes possible a specific reaction or the development of a particular character of the 
organism which possesses that genotype; a gene or determiner. 

Floret.—A small flower, especially one of an inflorescence, as in grasses and 
Composites. 

Fi, F 2 f Fa, Etc.—First, second, and third, etc. generations following a cross. 

Gamete.—A reproductive cell containing x number of chromosomes. 

Gene.—Synonymous with determiner or factor. 

Genotype.—The fundamental hereditary constitution or sum of all the genes 
of an organism. 

Glabrous.—Smooth, especially without hairs. 

Glume.—One of the two empty chaffy bracts at the base of each spikelet in 
grasses. 

Grain.—Cereal seeds in bulk. 

Group.—In genetics, a broad, general term for a complex of other categories and 
not for a complex of any particular category. 

Head.—A dense, short cluster of sessile or nearly sessile flowers on a very short axis 
or receptacle, as in red clover or sunflower. 

Heredity.—The distribution of genotypic elements of ancestors among the descend¬ 
ants; the resemblance of an organism to its parents and other ancestors with respect 
to genotypic constitution, 

Heteroiygosity. —^The condition of an organism due to the fact that it is a hetero- 
^ygpte; the state of being heterozygous; the extent to which an individual is 
heterozygous. 

Heterozyfote.—zygotic individual in which any given genetic factor has been 
derived from only one of the two generating gametes. Both eggs and sperms produced 
by such an individual are typically of two kinds, half of them containmg the gene 
in quesrion, the rest lacking this gene; consequently the offspring of heterozygotes 



386 


BREEDING CROP PLANTS 


usually consist of a diversity of individuals^ some of which possess the corresponding 
character while others lack it. 

Heterozygous. —The state or condition found in a heterozygote. 

Heterosis. —The increased growth stimulus often exhibited in the Fi generation 
of a cross. 

Homozygosis. —^The state of being homozygous; the extent to which an individual 
is homozygous. 

Homozygote. —An individual in which any given genetic factor is doubly present, 
due usually to the fact that the two gametes which gave rise to this individual were 
alike with respect to the determiner in question. Such an individual, having been 
formed by the union of like gametes, in turn generally produces gametes of only one 
kind with respect to the given character, thus giving rise to offspring which are, in this 
regard, like the parents; in other words, homozygotes usually “breed true " A 
“positive” homo zygote with respect to any character contains a pair of determiners 
for that character, while a “negative” homozygote lacks this pair of determiners. 

Homozygous.—The state or condition found in a homozygote. 

Hybrids.—The progeny of a cross-fertilization of parents belonging to different 
genotypes. 

Hull.—A term applied to include the lemma and palea when they remain attached 
to the caryopsis after thrashing. 

Hypostasis.—That relation of a gene in which its usual reaction fails to appear 
because of the masking or inhibitory effect of another gene; contrasted with 
“epistasis.^^ 

Inflorescence. —The flowering part of a plant. 

Keel. —A central ridge resembling the keel of a boat, as in the glumes of some 
grasses, etc.; also the inferior petal in the legume flowers. 

Kernel. —Matured body of an ovule; seed minus its coats. 

Lethal.—A genetic condition causing death. 

Linkage.—The type of inheritance in which the factors tend to remain together 
m the general process of segregation. 

Lodicule.—A minute scale at the base of the ovary opposite the palea in grasses, 
usually two in number, and probably representing the reduced perianth. 

Mean. —The arithmetical average. 

Mode. —The class of greatest frequency. 

Mendelize. —To follow MendeFs law of inheritance. 

Multiple Allelomorphs. —Three or more characters which are so related that 
they are mutually allelomorphic in inheritance. 

Mutant. —An individual possessing a genotypic character differing from that of its 
parent or those of its parents, and not derived from them by a normal process of 
segregation. 

Mutate.—To undergo a change in genotypic character independently of normal 
segregation. 

Ovule.—Female sex cell with its immediate surrounding parts. 

Ovum. —^Egg cell. 

Pi, Ps, Etc.—The first, second, etc. generation of the parents. 

Palea.'—The upper of the two bracts immediately enclosing each floret in grasses. 

Panicle.—A compound inflorescence with pediceled flowers usually loose and 
irregular, as in oats, rice, proso, etc. 

Pedied.—A stalk on which an individual blossom is borne. 

Peduuda.—The primary stalk supporting ddier an infioreseence or a solitary 
'flower. In grasses the uppermost intemode of the culm. 

P«dicatp.^The matur^ wall of the ovary. 
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Phenotype. —The apparent type of an individual or group of individuals, i.e, 
the sum of the externally obvious characteristics which an individual possesses, or 
which a group of individuals possess in common; contrasted with genotype. 

Presence and Absence Hypothesis. —The hypothesis that any simple Mendelian 
difference between individuals, results solely from the presence of a factor in the 
genotype of the one individual, which is absent from that of the other. Presence and 
absence of unit-differences as a convenient method of describing the results of genetic 
experiments should be carefully distinguished from the presence and absence hypo¬ 
thesis. The method is purely objective and entirely free from hypothetical implications. 

Probable Error.^ —A measure of accuracy for results obtained by statistical meth¬ 
ods. The chances are even that the true value lies within the limits marked by the 
probable error. 

Probable Error of a Single Determination.— S. D. X ±0.6745. 

Pubescent. —Hairy in a general sense; in special use, covered with short, soft hairs. 

Pure Line. —A group of individuals derived solely by one or more self-fertilizations 
from a common homozygous ancestor. Sometimes erroneously applied to groups 
of individuals believed to be genotypically homogeneous (a homozygous biotype or a 
clone) without regard to the method of reproduction. 

Recombination. —Union of parental factors in individuals of the second or later 
generations after a cross. 

Reduction Division. —That in which homologous chromosomes separate prepara¬ 
tory to formation of gametes. 

Repulsion. —Such a relation between two genetic factors that both are not, 
as a rule, included in the same gamete, referring especially to cases in which the 
factors in question give rise to obviously different characteristics; also called “spurious 
allelomorphism.^' 

Replication. —Systematic repetition. Used in field work to designate the system¬ 
atic distribution of plots of each strain or variety to overcome soil heterogeneity. 
Two replications means the use of three plots systematically distributed. 

Roguing. —The act of removing undesirable individuals from a varietal mixture 
in the field by hand selection. 

Seed. —The mature ovule, consisting of the kernel and its proper coat. 

Self-fertilization. —The union of the egg cell of one individual with the sperm cell 
of the same individual. 

Self -sterility.—That condition in which the male gametes of an organism are 
incapable of fertilizing the female gametes of the same individual. 

Segregate. —With reference to Mendelian characters, to become separated through 
the independent distribution of the genetic factors before or at the time of the forma¬ 
tion of the gametes. 

Sex-linked Inheritance. —The association of the determiner for any unit-character 
with a sex-determiner, in such a manner that the two determiners are either generally 
included in the same gamete, or that they are generally included in different gametes. 

Somatic Segregation. —Segregation during somatic division. 

Species. —A group of varieties or a single variety which in botanical characters 
and genetic relationship can be differentiated from another group or variety belonging 
to the same genus or to other genera. 

Spikelet—A small or secondary spike, especially in the inflorescence of grasses. 

Spike.—A simple inflorescence with the flowers sessile or nearly so on a more or less 
elongated common axis or rachis. 

Sperm or Sperm Cell.—Male sex-cell. 

Stendiurd Deviatioii*—An absolute measurement of variation in terms of the mean. 
The square root of ^ sum of the devia^ons squared divided by the number of 
vaiiaiea. 
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Sterility. —Inability to reproduce; when male and female gametes, through incom¬ 
patibility or some other cause, are incapable of mating or fertilization. 

Strain. —A group within a variety which constantly differs in genetic factors or a 
single genetic factor difference from other strams of the same variety. 

Tassel. —Used to designate the staminate inflorescence of maize. 

Unit-character. —In Mendelian inheritance, a character or alternative difference 
of any kind, which is either present or absent, as a whole, in each individual, and which 
is capable of becoming associated in new combinations with other unit-characters. 

Variate. —A single magnitude determination of a character. 

Variety. —A group of strains or a single strain which, by its structural or functional 
characters, can be differentiated from another variety. 

Variety Group. —A complex of varieties which resemble each other more than 
varieties belonging to a different group. Of lower grade than species. 

Xenia. —The apparent immediate effect of pollen. It results from double 
fertilization. 

Zygote. —The body formed by the union of two gametes and containing 2x number 

n{ nhrnrttrttuMmf^ii 
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Reed and Melchers, smut resistance, 
sorghums, 248 

Reed and Stanton, smut resistance, oats, 
184 

Reeves, inheritance in cucumbers, 348 
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